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The work presented herein was conducted by the Advanced and 
Propulsion Engineering and Engineering Test Personnel of 
Rocketdyne, a division of Rockwell International, under Contract 
NAS3-21356 from April 1978 to July 1981. Mr. R. Connelly and 
Mr. D. Scheer, were NASA Project Managers. At Rocketdyne, 

Mr. H. Diem as Program Manager and Mr. A. Csomor and Mr. C. E. 
Nielson as Project Engineers were responsible for the technical 
direction of the program. Special recognition is given to 
Mr. J. McPherson of the Engineering Development Laboratory for 
his techncal expertise in rotor-balance, assembly and disassembly 
of the turbopump; Dr. E. D. Jackson and Mr. F. C. O'Hern of the 
Rotating Machinery Analysis Department for hydrodynamic analysis 
and technical expertise provided; and to Mr. J. Pulte of the 
Chemical and Advanced Component Test Unit providing direction as 
Test Engineer for the test programs conducted. 
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SUMMARY 


System studies of reusable vehicles for space manuevering missions require small 
high-pressure, staged-combustlon-cycle engine turbomachinery of the Mark 48- 
oxidizer turbopump size and type. These turbopumps have relatively low-flow, 
high-head capability and are physically smaller, which sets them apart from state- 
of-the-art turbomachinery. 

Additional long-life requirements also are placed on the turbopump with operating 
requirements that encompass 300 starts and 10 hours of operation time-between- 
overhaul capability. 

The Mark 48-0 turbopurap which was designed, fabricated, and tested under Contract 
NAS3-17800, uses a floating-ring, cont rolled-gap, circumferential-type primary 
LOX seal assembly which may have difficulty in meeting the life and cycle require- 
ments of the turbopump. The feasibility of using a hydrodynamic or hydrostatic, 
fluid-film type liftoff seal had been demonstrated in previous NASA-Lewis seal 
tester activity. 

The objectives of this program were to modify the Mark 48-0 turbopump to accommo- 
date a spiral-grooved, lift-off type primary LOX seal and to conduct tests to eval- 
uate the life characteristics and performance of the seal assembly in comparison 
to the circumferential floating-ring, controlled-gap seal presently in use on the 
turbopump. Other objectives were to demonstrate the pump suction performance capa- 
bility of the turbopump with and without balance piston flow recirculation back to 
the inlet of the impeller. 

The turbopurap was assembled for the first test series using the controlled-gap, 
floating-ring primary LOX seal. A test plan was developed for the baseline tests 
with this configuration. The objectives were to characterize the seal leakage 
rates wlf h the controlled-gap seal and slinger configuration. The slinger is a 
small pumping element adjacent to the primary LOX seal which reduces the pressure 
at the seal-to-shaf t clearance by negative pumping such that vapor will exist at 
the clearance Interface. Creating vaporized fluid at the gap greatly reduces 
leakage rates. Suction performance tests also were to be conducted during the 
testing. 

The initial configuration was tested during October 1978 at LIMA test stand of 
Rocketdyne's Advanced Propulsion Test Facility (APTF) . Five tests were conducted 
for a total test time of 174 seconds, and a maximum test speed of 7261 rad/s 
(69,340 rpm) . Special instrumentation was used on the turbopump to measure the 
data required. On the third test, a successful suction performance test was made 
at a test speed of 7016 rad/s (67,000 rpm). A 5% pump head loss was achieved at 
a flowrate of 105X of nominal flow and at that point a suction specific speed 
of 84210 (rad/s) (m3/s) 1/2 /(J /Kg) 24000 (rpm) (gpm)^/2/(ft-lbf /Ibm)-*/**} was 
obtained. On the fifth test of the series, at a speed of 7261 rad/s (69,340 rpm), 
a pump failure occurred. The failure concluded in a fire which caused major dam- 
age to the pump portion of the turbopurp. Before the incident, sufficient data 
were obtained to characterize the primary LOX seal leakage. 


A failure investigation followed inunediately after the incident and it was con- 
cluded that the balance piston axial thrust margin was not sufficient which Initi- 
ated a failure through the pump bearings or rubbing at the high-pressure balance 
piston orifice. This was caused in part by a negative impulse reaction occurring 
in the measured pressure data across the turbine wheel. A review of the data 
Indicated an axial thrust correction should be made and also that it would be 
beneficial for a rerouting of the balance piston flow to eliminate all of it flow- 
ing through the bearings. Also, the addition of a labyrinth jeal on the down- 
stream side of the bearings would reduce the slinger-sump pressure to a level 
below 345 N/co^ (500 psia) . This limit was considered to be the maxioum pressure 
range for proper operation of the spiral-grooved liftoff seal to be incorporated 
in the design. The redesign Included improved instrumentation capabilities to 
measure pressure at nine locations in the pump elements. The design was final- 
ized and hardware was procured to replace tliat damaged by the fire. 

Prior to assembly of the turbopuiup for test with the spiral-grooved liftoff seal* 
it had been found that technical problems with the spiral-grooved liftoff seal 
needed to be resolved before it could be Incorporated without undue risk in the 
turbopump. These problems were found through testing of the spiral-grooved lift- 
off seal in a test rig and the tests indicated the seal could not be considered 
reliable. As a result, the turbopump was assembled using the original controlled 
gap seal. The test objectives were to demonstrate the capability of the redesigned 
balance pisjton axial thrust control and to complete the suction performance capa- 
bility tests. 

The assembled turbopump was installed in the LIMA test stand. The turbopump was 
tested for a total of six tests in April 1981 with a total operating time of 
749 seconds. Of that time, 146 seconds was at ’’41 rad/s (30,000 rpm) and 35 sec- 
onds at 7228 rad/s (69,000 rpm). All other time was at speeds below 3141 rad/s 
(30,000 rpm) or in transient operation. The tests revealed that the balance 
piston was operating satisfactorily at all speeds and over a wide flow range. 
Suction performance tests were not accomplished due to a turbine tip seal rubbing 
problem which resulted in high rotor torque. This could not be resolved without 
removing the turbopump from the test facility. On the last test near design speed 
(7330 rad/s, 70.000 rpm) .the data indicate a, auction performance of only 52631 
(rad/s) (m^/s)^^v(J/Kg)^'^{ 15000 (rpm) (gpm)*''^/(tt-lbf/lbm)'^'^} at a flowrate of 
103% of design flow. This test was conducted with the balance piston flow being 
routed overboard and also recirculated back to the impeller eye. This indicates 
that balance piston recirculation flow effects on suction performance may be 
considered a potential problem. 


The data of the last test scries indicate the mechanical operation of the turbopump 
was satisfactory wlti> only minor meclianical problems that can be readily corrected. 
The itewly Incorporated design features function properly and will add to the integ- 
rity of the system. 
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INTRODUCTION 

System studies of future DOD and NASA reusable vehicles for space manueverlng 
missions have shovm that high-pressure, staged-coinbustion-cycle engines offer 
significant benefit in terms of higher vehicle payload capability. These engines, 
which arc in the 10,000- to 25,000-pound-thrust class, require relatively low- 
flow, high-head turbopumps which are physically smaller and fall outside the 
design state of the art of rocket turbomachinery. Additionally, and in contrast 
to past design requirements, the need for low leakage and reuse encompassing 
300 starts and 10 hours time-between-overhaul is envisioned. Thus, the designers 
are confronted with both size and life time uncertainties. 

The Mark A8-0 turbopump, which was designed, fabricated, and tested under Contract 
NAS3-17800, uses a circumferential-type seal assembly which may have difficulty 
in meeting the life and cycle requirements of the turbopump. The NASA-Lewis 
Research Center had previously demonstrated the feasibility of hyrodynamlc or 
hydrostatic fluid film-type seals which potentially can achieve the multiple 
starts and life requirements of the turbopump. This work was accomplished 
under Contract NAS3-17769, during which two types of fluid film face seals were 
tested for 11 hours and approximately 3'0 starts. 

The initial objectives of the program were to use the technology gained in the 
NASA-LeRC seals programs to design a fluid film seal for installation in the 
Mark 48-0 turbopump and test the configuration under actual turbopump operating 
conditions. The program plan called for baseline characterization testing of 
the existing controlled gap seal and slingcr configuration to determine baseline 
seal performance and leakage rates. The p.ircllel objectives were also that of 
defining pump noncavitating head— flow characteristics and suction performance 
with the modified impeller inlet. This was Iwjgun on the initial test series 
which was prematurely terminated due to a failure and ensuing fire which caused 
damage to the pump components of the turbopump. 

The spiral groove lift-off seal design for incorporation into the Mark 48-0 
turbopump was completed and the seals, as well as other pump components were 
fabricated. Subsequent testing of the spiral groove lift-off seal in a test rig 
revealed tcclmical problems with the concept, which need to be resolved by 
additional component testing before the seal could be considered sufficiently 
reliable for liquid oxygen turbopump oiwration. 

As a results, the program objectives were redirected to complete the measurement 
of the pump suction performance and to measure the rotor axial thrust capability. 
Hardware of the Mark 48-0 turbopump h.ad bee«» redesigned and fabricated to 
replace those components which were damaged in the test when a pump fire ensued. 
The objective was to demonstrate with the floating ring seal, the axial thrust 
control and to define pump suctUut capability. 
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DISCUSSION 


turbopump description and background 

A comptehenslve discussion of the MK 48-0 turbopump dssl^ 

resolts, and mechanical contlguratlon are “7 

ience, a brief summary of the significant characteristics of the turbopump is 

included in the following. 

Turbopump Recjuirements 

The oerformance requirements for the Mark 48-0 turbopump are listed in Table 1 . 

Te numr™ requir^^ to deliver 16.4 kg/s (36.21 Ib/sec) of liquid oxygen starting 
Jith an inlet pressure of 68.9 N/cm2 (100 psia) provided by the 
to a discharge pressure of 2977 N/cm2 (4318 psia). The propellant ^as for the 
turbine is a^iLure of free hydrogen and steam resulting from the combustion f 

liquid hydrogen and liquid ^h^Stlfgas fUrate 

li!ilaSe^is Uafkg/s^at^rib^ec). The horsepower ^^Lfp^s- 

L^te^ rrin ‘ 

starts with long-operating durations and potentially long-coast times betwee 
operations. 

in the area of the pump, the combination of low flowrate and high discharge' pres- 
u^rftmposcd a dIffLuU Impeller fabrication tank 

row passages required compared with the outer diameter. ®® 4 „i-o 

efficiency, compact packaging, and light weight placed the rotor speed ^ ® 

m“ior“ n'Tr£:Lir/:;eraSM a 

tcrif « -3-d. 

‘o^d^tSTlctaJed JbL'LliLrtrru^^LlS^d^viL ulmrC^ whi;h. In 
llould oxygen, would have to be of the nontubbing type. The operating character 
is tics of such a device also required evaluation. 

In the turbine, the low-pressure ratio (approximately 1.4) and low arc of admission 
(28%) presented a combination for which no empirical data by 

fomanL predictions based on calculations needed to be validated or modified by 

measured performance data, 

r“\\r^rruerubu:cr“;-Sti:-iaa;rLi?arfa^s^^^^ 

tSco^poJaUng a liner In the turbine manifold to Unit the maxlnu. thermal gradients 
in structural walls. 
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TABLE 1. LIQUID OXYGEN TURBOPUMP NOMINAL DESIGN CONDITION 



Maine Units 

Engl ish Units 

Wfif iTi'iiii 



C«pabU of oporation at pumpad*ldla 
conditlont ( 5 to 10 of full thrust) 



Off*dat(gn oparatlon 

Q/N at ful 1 thrust down 
to 30( Q/N at 20t N 


Numbar of sti^rt^^ttop cycUa 
Tima batwaan ovarhaul 

300 

10 hours 


Pump 

Typa 

Propallant 
Inlat praatura 
Iniat tamparatura 
Olscharga praatura 
Maaa flow 
Numbar of atagaa 

Cantrtfugal 
Liquid oxygan 
68*9 N/cm2 
90-95. 5K 
2977 N/cm2 
16.4 kg/s 
Ona 

100 psia 
162 to 172 R 
4318 psia 
36.2 i Ib/sac 

Turbina 

Working fluid 

Inlat tamparatura 
Inlat praatura 
Praatura ratio 

Flowrata 

Numbar of atagaa 
Typa 

^2*^2 combustion products 
(H2 * HjO) 

lOlil 

3220 N/cm2 

dava lop pump horaapowar 
raqui ramantta 

1.3^ kg/a 
Ona 

Partial admission 

1874 R 
3366 psia 

2.92 ib/sac 

Sarvica Ufa batwaan ovarbaula: 

*300 Tharmal eye las or 10 
hours accumulatad run tlma 


Sarvica-f raa Ufa 

*60 Tharmal eye las or 2 hours ! 
accumulatad run tima 


Naali^um Singla Nun Duration: 

2000 a 

1 


Naxlmum tlma batwaan fir Inga 
during miaaion: 

Ik days 


Naxlmum tlma batwaan firings 
during mlaalon: 

1 minuta 


Naalmum atoraga tlma In orbit 
(<lrv) : 

52 waaks 


Tbarmal eye la dafinad at anoint start 

(to any thrust laval) and shutdown | 






In addition to the perConnanoe ci'iturla noted In Table 1 , the contract work 
statement Included certain ground rules Cglven In Utif. 1) relating primarily to 
the structural analysis and mechauicui design of tlie turbopump. 


Turbonump Description 

The original mecliunical configuration of the turbopump is illustrated in Fig. 1 , 
with significant parts identified. Tiie lop assembly requirements are established 
on Rocketdyne drawing number RS009820K, which is Included in Appendix A. The 
design was given the Rocketdyne internal designation of Murk 48-0. This configura- 
tion was used in all but the final, test series with minor exceptions. In the last 
test series another configuration was used to improve the Instrumentation, and the 
balance piston fluid routing. This conf ig'iratii>n is shown in RS0014079, Appendix A. 

Liquid oxygen is introduced to tlie pump tluough the axial-llow inlet of 4.214 cm 
(1.659 iitch) diameter and passes through a four-bladcd, eonstant-outer-diameter , 
tapered-hub inducer which raises the prossur*' t.o an Intermediate level. From the 
Inducer the liquid proceeds into a centrlfuga.1 impeller containing four partial 
and four full blades. Subsequently, It Is diffused in a radial diffuser which 
incorporates 13 guide vanes. Dow; ;ream ol the diffuser, liquid oxygen is col— ^ 
lected, further diffused in a volute section, and delivered through a single 
2.54 cm (1.00 inch) diameter duct. 

Hot gas to the turbine is admitted throu)-,h a scroll-shaped, constant-velocity 
inlet, lined with a 1.57 mm (0.062 Inch) metal liner to maintain the thermal 
gradients across the structural wails at an acceptable level. The inlet duct 
diameter is 3.1 cm (1.22 inches). The active arc of the partial-admission nozzle 
extends over 1.8 rad (103 degrees) or 28.6% of the circumference, and it includes 
seven flow passages. The gas is fully expanded through the nozzle after which it 
passes through a single row of unshrouded impulse-type blades (79 blades) of the 
rotor. The exhaust gas is directed through a row of stationary vanes which guide 
the gas toward a single radial exit duct of 3.81 cm (1.50 inches) diameter. 

The pump shaft and the turbine disk are designed as an integral part. On the 
outboard end, a stvd) shaft Is used with a stud and nut to extend the rotor. Two 
pairs of aiigular-eontact , 20-mm ball bearings are used to support the rotor. The 
pump-end bearings are cooled by recirculating liquid oxygen through them. The 
outboard shaft seal Is pressurized with liquid hydrogen, and the leakage toward 
the outboard sLde Is used as bearing coolant. A small amount of liquid hydrogen 
is bypassed around the seal and introduced to the bearing directly as a redundant 
source of coolant. The bearings In each pair are axially prelouded against each 
other with Uolvllle springs to prevent ball skidding. The turbine-end bearings 
are free of other a.xial loads. The outer-race sleeve of the pump-end bearings is 
axially retained so that the bearings ab.sorb rotor axial thrust during transient 
periods when the balance piston does not control the rotor axial position. 

Under eonditlons other than early transient stage during startup or at the end of 
shutdown, the rotor axial thrust Is neutralized by a selC-oompenauting balance 
piston. The rotating member of the piston is the roar shroud of the in^>eller. 



Figure 1. Mark 48-0 Turbopump 


To operate the piston, high-pressure liquid oxygen from the impeller discharge 
passes through a high-pressure orifieo. located at the outer diameter of the 
impeller into the balance cavity. From the cavity, the liquid passes through a 
low-pressure orifice near the impeller hub into the sump. From there the liquid 
oxygen is returned to the eye of the impeller through internal axial passages 
either in the diffuser vanes or around the volute and radial holes in the 
and inlet. Thrust-compensating effect is achieved by virtue the J*'® 

high- and low-pressure orifice openings vary with the axial position of the rotor, 
and the pressure force on the rear shroud of the impeller varies f 

e.g., an unbalanced load toward the pump Inlet causes a reduction in the high 
pressure orifice gap and an Increase in the low-pressure orifice gap. 
turn, causes a reduction in the pressure force of the impeller rear shroud, intro 

ducing a compensating load change. 

Because of the danger of explusloi. when rubbing In liquid , 

piston orifices were designed us noucontuctlng type, formed by 

of close clearance, 0.038-mn (0.0015-iiich) average, diametral, cylindrical surfaces. 
To preclude mixing liquid uxygen from the pump with the 

the turbine the two regions are separated by three dynamic seals. All three seals 
arc ortir;-uutro5led-gap typo, with two seal rings In each. The controlled-gap 
concept was selected for this application primarily because it has ’ 

a must for idle-mode starts. This concept also minimises power absorption during 
steady-state operation, and permits very long service life. Pump fluid is con- 
tained by the primary LOX seal. The oxygen which flows past this seal 
overboard from the cavity formed by the primary and intermediate seals. A 

contalniiig pumping ribs was included upstream of the ®^The objective 

pressure at the seal gap to a level that will vaporize the fluid. The objective 

was to reduce the mass flowrate through the seal with this technique. 

On the turbine side, because of the high pressure involved, sealing and draiitage 
was accomplished in two steps. An overboard drain was included ^°«"«tream ot the 
first ring, which reduces the pressure between the two rings to 79 N/cm (115 psia) 
The small amount of turbine gas which leaks past the second ring is drained over- 
board with a drain cavity pressure of approximately 15 N/cm^ (20 psia; . 

To provide separation of the pump and turbine fluids, an intermediate seal was 
indu-Jorateriutweeu the two drain areas with a GHe ^urge which maintains the 
cavity between the two rings at a minimum of 35 N/cm- (50 psia;. 

Test Histor y 

Turbine. Calibration of the Mark 48-0 turbine, to establish its aero thermodynamic 
T^T^rf^-mance was acoomplished with ambient-temperature GN2 as the propellant. The 

rotor speeds were maintained in the range of 523 to 1185 ^®d’(U/C 

to simulate the operational wheel tip speod/gas spouting velicity ratios (U/Co). 
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The testing was performed at Wyle Laboratory, El Segundo, California, during 
February 4 through 9 1976, A total of 11 tests were made, with GN2 working fluid, 
at velocity ratio (U/Cq, total to static) ranging from 0.115 to 0.606, and turbine 
speeds from 523 to 1885 rad/s (5000 to 18,000 rpm) . A plot of turbine efficiency 
is sho\^m in Fig. 2. The efficiency was calculated with Lebow Lt)rquemeter torque 
and isentropic available energy (total-to-statlc) across the turbine. At a design 
velocity ratio of 0.343, the turbine total-to-static measured efficiency was 51^ 
compared with a predicted value of 59.8%. Calculations show that with the mea- 
sured performance the pressure ratio of the turbine would have to be increased 
from the design value of 1.424 to 1*54 to generate the required power level. 


TEST 

002 
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007 


• SINGLE ROW, PARTIAL ADMISSION 

• ACTIVE ARC • 26.5). t.6 RAO/S 
(103 DEGREES) 
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• TESTING > WYLE LABORATORIES 
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Figure 2, Mark 48-0 Turbine Performance 


The combination of low-pressure ratio (1.42) and low arc of admission (28.5% of 
circumference) placed this turbine in an operating region in which turbine tech- 
nology had not been developed. Potential Improvement in the performance may be 
reE^llzed by increasing the number of active nozzle passages and reducing the 
throat width to obtain the required totaJ tliroat area. Depending on the engine 
installation, improvements in the exhaust manifolding may be possible to minimize 
the pressure losses charged to the turbine. 
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Turbopuinp Testing. A total of five test series have been run on the Mark 48—0 
turbopuffip« Initial testing of Mark 48-0 turbopump P/N RS009820E, S/N 01—0, began 
in the Lima test stand of the Rocketdyne Propulsion Research Area (PRA) on 
9 July 1976 and was concluded on 11 August 1976. A total of 18 turbopump tests 
for an accumulated duration of 266.8 seconds was accomplished on the turbopump 
assembly. The test effort was divided into two main categories: Performance 

mapping, using GH 2 as turbine drive media, with LN 2 and LOX as the pumped fluid; 
and integrity testing, using combustion products from a LOX/LH 2 gas generator as 
the turbine drive gas media, with LOX as the pumped fluid. Gas generator injector 
P/N RS005024-131, S/N 2, a coaxial five-element design, was used during the hot- 
fire testing. A brief description of the tests performed during the initial 
series is presented in Table 2. 

The second test series was run during July 1977 on turbopump S/N 01-1; five tests 
were conducted. These are described in Table 3. This series accumulated a total 
time of 158 seconds on the turbopump. The testing encompassed noncavltating head- 
flow characterization of the pump. Critical NPSH was partially determined. The 
initial test series had indicated the impeller inlet area needed to be increased 
to improve performance and this was done prior to teat series No. 2. Also, the 
balance piston and bearing coolant flow was routed overboard so it could be 
measured and controlled. These tests were run utilizing a gaseous hydrogen (GH 2 ) 
drive gas to powei the turbine. During test 005 at 7006 rad/s (66,900 rpm), a 
pump fire occurred and damaged the pump hardware extensively. The origin of the 
problem was established as the primary LOX seal nut backing out of its Installed , 
position and blocking the exit passage of the balance piston and bearing coolant 
fluid. Design changes were made to a second set of components and the primary 
seal nut locking feature was improved. Other modifications were completed to 
protect the pump-end bearing from the high pressure drop from all the balance 
piston flow passing through it and to reduce the high axial load caused by it. 
These modifications were to drill eight bypass holes of 2.18mm (0.086 inch) diam- 
eter through the bearing cartridge. This was to reduce the amount of the balance 
piston flow directly through the bearing and thereby decrease the pressure drop 
across the bearings extending their life and reducing the balance piston sump 
pressure. This improved the balance piston axial thrust range on the low sump 
pressure end. These modifications and teat results are described in detail, in 
Ref. 2. 

A third test series was conducted in May of 1978 on turbopump S/N 02-0B after the 
above-mentioned modifications were completed. In that test series, four tests 
were run with an accumulated time of 236 seconds. In these tests the head-flow 
characteristics were obtained at low speed 3142 rad/sec (30,000 rpm). A short 
time was obtained at 7330 rad/sec (70,000 rpm). A summary of these tests is 
given in Table 4. Posttest inspection after test 006 revealed high rotor torque 
caused by the turbine tip seal rubbing. The turbopump was removed from the test 
stand for disassembly and inspection. 
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TABLE 2 . (Continued) 
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TABLE 3. MARK. A8-0 TURBOPUMP TEST SERIES NO. 2 SUMMARY 

(TURBOPUMP S/N 01-1) 



TEST ACCUMULATED 

TEST DURATION, DURATION. 

DATE SECONDS STARTS SECONDS 


016-001 7-21-77 


016-002 7-21-77 71 

016-003 7-21-77 18 


016-004 7-21-77 33 


016-005 7-26-77 32 




ACHIEVED SPEED OF 14,200 RPM. CUT OFF BY FAILED 
RADIAL ACCELEROMETER. BALANCE PISTON FLOW 
ROUTED OVERBOARD. 

OBTAINED HEAD-FLOW DATA AT 29,300 RPM. 

OBTAINED DATA AT 28,300 RPM. TEST CUT BY PUMP 
DISCHARGE PRESSURE REDLINE 3447 N/CM2 (5000 PSIGI 
AT 69,000 RPM. 

OBTAINED HEAD-FLOW DATA AND BALANCE PISTON SHIFT 
AT 69,000 RPM. BALANCE PISTON FLOW ROUTED 
OVERBOARD. 

SPEEDS TO 66,900 RPM. PUMP FIRE DAMAGED PUMP 
H.ARDUARE. 


TABLE 4. MARK 48-0 TURBOPUMP TEST SERIES NO. 3 SUMMARY 

TURBOPUMP S/N 02-0 




















Mechanical Performance. Testing of the LOX turbopurap in test series No. 1 encom- 
passed 18 starts, with a total accumulated time of 267 seconds. The three initial 
tests were conducted with LN 2 as the pump fluid; in subsequent tests, LOX was 
used* The first seven tests were performed using ambient-temperature GH 2 to 
drive the turbine; in the remainder of the tests, the combustion product of LH 2 
and LOX at approximately design temperature was the turbine drive gas. The 
longest test durations conducted were 70 seconds with ambient GH 2 drive and 41 
seconds with hot-gas drive. The operation covered a rotor speed range of 0 to 
7768 rad/s (74,191 rpm) , a maximum pump discharge pressure of 3175 N/cm^ 

(4606 psia), and a maximum turbine inlet temperature of 1133 K (2040 R). 

Several tests were terminated by the vibration sensor device monitoring the output 
of the accelerometers attached to the turbopump housing* This was caused by a 
combination of several factors. Normally on a new turbopump, several tests are 
required to establish its vibration signature and thus set the cutoff point at 
the appropriate levels* It appears that with the Mark 48-0 turbopump, this level 
is in the 20 to 25 g rms range in conjunction with a 2 KHz low-pass filter* 

Some of the early runs were terminated because the cutoff redline was set too low. 
In addition, the manual GH 2 feed control system employed on the first seven runs 
frequently resulted in slow transition through critical speed zones, with attendant 
buildup in vibration levels. 

Bently proximeter data and accelerometer data obtained from high-frequency tapes 
showed increased synchronous activity at 4115, 5026, and 5528 rad/s (39,300, 

48,000, and 52,800 rpm). These compared favorably with the analytically predicted 
critical speeds of 4723 and 5482 rad/s (45,108 and 52,363 rpm, respectively). No 
evidence of subsynchronous vibration was present in the data. 

The measured seal drain pressures, temperatures, and flowrates were, in general, 
in good agreement with predicted values, indicating proper functioning of the 
shaft seals. During chilldown of the pump on the LN 2 tests. It was noted that the 
secondary hot-gas drian line frosted over. This could occur as a result of heat 
transfer through conduction, but possibly also as a result of the pump fluid from 
the primary LOX seal drain cavity leaking across the intermediate seal. To pre- 
vent a potentially hazardous condition, the purge pressure level in the inter- 
mediate seal was raised to 138 N/cm^ (200 psig). No problem was experienced at 
this pressure level with mixing of incompatible fluids. It is quite possible that 
the originally planned purge pressure of 41 N/cm^ (60 psig) would be adequate. 

This could be established on future tests by sampling and analyzing the drain 
fluids during chilldown. 

The turbopump was disassembled after the first test series to permit visual inspec- 
tion of the components. Figure 3 shows the condition of the more significant 
parts. The condition of most of the components was excellent; only two discre- 
pancies were apparent; The pump-end hearings showed evidence of overheating, and 
the chrome plating on the rotor under the primary hot-gas seal ring had flaked 
off. 
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After test series No. 2» In which a fire damaged the pump-end hardware^ evaluation 
on disassembly revealed the failure occurred due to the primary seal retaining nut 
backing out and restricted the balance piston overboard flow. 


The damage to the hardware included the pump inlet, Inducer, Impeller, diffuser, 
and pump end bearings, with some burning evident in the balance piston return 
cavity. All the hardware aft of and including the primary LOX seal was in satis- 
factory condition with the exception of the turbine wheel where it had rubbed on 
the pump side hot gas shielding and Its retaining bolts. Analysis ot the axial 
thrust control range prior to the blockage of the balance piston drain indicated 
adequate margin. 


The mechanical performance evaluation on test series No. 3 hardware revealed a 
continuing problems regarding the chrome plating on the primary hot-gas turbine 
seal. Chrome plating applied to the rotor shaft flaked off directly under the 
seal. This possibly contributed to the high torque observed after the last test. 
The cause of the flaking was thought to be due to the sharp corner of the shaft 
relief where the chrome plating terminated. This resulted in Inadequate adherence 
and eventually led to chipping and flaking. For the next build, plating was 
extended over the corner to relieve the problem. The condition of both pump and 
turbine bearings were excellent after test series No. 3. Posttest analysis indi- 
cated adequate cooling and low-coolant pressure differential across the pump and 
bearing. The nominal and maximum axial and radial loads were acceptable, indicat- 
ing the bearings were functioning properly. 


The performance of all four shaft dynamic seals was excellent in all tests. Pres- 
sure levels in the drain systems were maintained at sufficiently low levels to 
preclude intermixing of the pump and turbine propellants. The primary LOX seal 
in particular has been proven a very reliable, rugged concept. In conjunction 
with the sllnger, its measured leakage rate at design speed was approximately 
0.068 kg/s (0.15 Ib/sec). 


Pump Hydrodynamic Performance . Figure 4 is a plot of the pump overall head 
rise as a function of flow, where both data and the predicted head are scaled to 
a speed of 7329 rad/s (70,000 rpm) . For test series No. 1, the scaling was accom- 
plished using the affinity laws which have been thoroughly substantiated aa appli- 
cable for LOX and LN 2 . The data consist of 66 data points from 15 tests, with 
test speeds varying from 1628 to 7768 rad/s (15,550 to 74,190 rpm), and with 
pumped fluids of both LOX and LN 2 , primarily the former. The symt'ols used for the 
data points distinguish the different operating speed ranges tested. There was 
no indication that the results were dependent on the pumped fluid medium. 


The low-speed data show fairly good agreement with the predicted head rise, but 
may be indicating a slightly steeper H-Q slope than predicted. However, as speed 
increases, the test data deviate more from the predicted curve, falling short of 
the curve at the higher flowrates. This type of deviation is typical of that 
experienced when cavitation is limiting the performance. To Investigate this 
deviation, the ratio of the test head rise divided by the predicted head rise was 
calculated and plotted as a function of suction specific speed (Ngg) in Fig. 5. 

The initial plot tended to Indicate a great deal of data scatter without clear 
trend. However, when different symbols wore us''d to represent the different inlet 
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flow coefficients (({)£„) tested, the data showed a clear trend. For all coef- 
ficients, there is a tendency of the head ratio to drop as Ngg Increases. How- 
ever, as flow coefficient increases, this dropoff occurs at successively lower 
values of Ngg. This trend again is strongly indicative of cavitation limitations, 
with the amount of cavitation increasing either with increasing N^^ or with 
increasing flow coefficient at a constant value of 

The cavitation appears to occur at much lower values of Ngg than would be expected 
from the design, considering it does have an inducer designed for good suction 
performance. This would indicate the more likely possibility that the Impeller was 
cavltatlng rather than the inducer. This could be caused by: 

.1, A failure of the inducer to produce its design head rise, which is 
required to keep the impeller out of cavitation 

2. An inadequate impeller design from a cavitation standpoint 

3. Too much hot cryogenic being pumped into the impeller eye from 
the balance piston/bearing area 

An independent computer analysis of the inducer to verify the head rise capability 
indicated the inducer head output to meet or exceed the originally predicted values. 
Analysis of the impeller inlet to determine the cause of the poor suction perform- 
ance indicated that the through-flow area near the leading edge was restricted and 
could cause the poor suction performance. As a result the impeller eye diameter 
was increased from 4.19 to 4.44 cm (1.650 to 1.750 inches) and the Impeller lead 
ing edge was cut back 0.52 radians (30 degrees) of wrap. Further analysis of the 
balance piston return flow effects on impeller inlet performance indicated the 
decreased Impeller eye blockage would be beneficial to suction performance. Anal- 
ysis revealed that balance piston fluid returned to the impeller eye did not 
vaporize, and modification to remove the impeller inlet blockage was necessary to 
improve suction performance. 

Additional suction performance data were revealed on test series No. 2 test 005 
when operation up to a suction specific speed of 85263 (rad/s (m /s/-' / (J/Kg) ' 
24,300 rpm (gpm)l/2/(ft Ibf/lb- was analyzed for a flow coefficient of 0.094 
with no evidence of cavitation. The combined head-flow performance data of the 
1977 tests and the 1978 tests are given in Fig. 6. A second order curve fit 
of all the data is also given. The data presented are at test speeds from 3141 
to 7330 rad/s (30,000 to 70,000 rpm), scaled to 7330 rad/sec (70,000 rpm). These 
data show the slope to be greater than predicted but very close to predicted head 
at the design flow. The test data cover a flow range of 58% to 112% of design 
flow. 

The isentroplc efficiency data for test series 2 and 3 are given in Fig. 7. 

The data scatter is caused by the low accuracy of the temperature rise measure- 
ment at the low operating speeds of 3142 rad/s (30,000 rpm). In general, most 
of the data lies slightly below the original prediction. 
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Data eto„ taat 

be operating in a retLn Lvity pressure was, thereby, reduced, 

the flow was bled overboard and ^he retur ^ P it was recommended 

To improve the thrust margin in an internal ^ecireu 
Le size of the return flow passages be enlarged. 

After test series No. 2 in 1977, the “ensured “Jrust^ciuter program 

tompLents was used to develop piston performance of the test 

model was used to predict the presented in detail in Ref. 2 . 

series No. 3, test 006. flow agreL well with the measured ovar- 

The results indicated the a oressures also showed good accuracy with 

board drain values. The predicted thrust of the balance piston 

the measured data. The data “ting point would be in the midpoint 

was adequate. The ideal ^^alance P^® . P^ion, ®tL analysis indicates that at 
of the thrust range for an idea fe. balance piston operated at a posi- 

the low speed of 3142/rad/s ( » the thrust range. At the higher 

tion where the axial thrust was only 16/. ““^^treaLd to 26 to 32% of the 

disign speed of 7330 rad/s (70,000 ’'P™^’ 5 is 0.25 mm (0.010 inch), 

thrust range. The total ^ iance piston high pressure orifice full 

The balance piston travels from closed at x = 6 . For each posi- 

closed at X = o to the low pressu eorresponding unique value of the balance 

tion of the balance piston, there is ^ P the computer program thrust 

cavity pressure and f Pjf^f "aSce piston* position at the above presented 

model, it was predicted t _ speed and at x /6 

axial thrust percentage range was at x/o noints. An improvement in 

Stween 0.280\o 0.330 at tha hish °S“ft an/piStion could b. achieved by 

ooerating the pump closer to midrange of reduction reduces the 

rSducUou l/the balance PiPton P~; Cange o£ the 

balance cavity pressure x /6 - o^and ^ acceptable 

:rerating’'con 7 irion ^Lrsuff Iclent matgln £or safe operation. 

Bearln,.C2.l-^ ^ 'vrtrtinl^nbtretrt:^^^^ 

of the pump-end bearings ^^tal accumulated time on the tests with 

the series were in LN 2 ^or speed of 6492 rad/s (62,000 rpm). These 

LNo was 44 seconds, with a ”>aximu bLrings damaged in LN 2 operation. Total 

beLings had similar because If concern for bearing damage, 

test time in hNz was held to ^ f "J“““^°^nhat the bearing flow could be sub- 
There was also evidence from the temperatures were higher than 

stantially less than desired Irthl balance piston sump caused by 

expected due to the higher back to obtain bearing coolant flow 

high downstream resistance. It w i ^ initial tests of series 

temperatures of approxima e y 160 K (290 R) at speeds of 6282 rad/s 

No. 1 indicated temperatures up to 160 K p^ 3 ton down- 

(60,000 rpm). Temperatures were gieatly ^^P^^^^^^^^^tation line and allowing 
stream resistance was reduced by p 8 overboard. The results were that 

some of the balance piston return f maximum of 130 K (235 R) at 7330 rad/s 

the coolant temperatures were ^ increased coolant rate would effectively 
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During the 1977 test series No. 2, a direct measurement of the pressure drop was 
not available but calculations from the available instrumentation and the calcu- 
lations of the slinger pressure gradient indicated a pressure drop across the 
bearings at 258 N/cm^ (375 psi) • The loads caused by the high pressure drop would 
shorten the bearing life considerably so it was decided to lower the resistance 
by drilling eight bypass holes of 2.18 mm (0.086 inch) diameter through the bear- 
ing cartridge. This was to reduce the pressure drop to apporixmately 62 N/cm^ 

(90 psi) as this would improve bearing life considerably. Since all of the balance 
piston flow initially passed through the bearings, the reduction in downstream 
resistance would also improve the balance piston margin and range. Subsequent 
data from two pressure taps located upstream and downstream respectively, of the 
pump end bearings indicated pressure drop across the bearings of between 4 and 
7 psi. These values are thought to be erroneous on the low side. 

Seal Performance. In all of the first three test series, the same seal packages 
were used. These seals performed satisfactorily with two minor exceptions. Dur- 
ing initial testing it was determined that an increased intermediate seal purge 
pressure level should be applied. This pressure was required to prevent frosting 
of the secondary hot-gas drain line, which indicated some pump fluid may be getting 
past the primary seal drain cavity and causing the chilldown of the secondary hot- 
gas drain. All tests have been conducted with purge supply pressures above 
104 N/cm2 (150 psi) with no hazardous condition developed. It is expected that 
this pressure could be reduced further with no problem. The second problem is 
mechanical: the chrome flaking under the primary hot-gas seal ring. This was 

originally thought to have been due to inadequate plating but could also be due 
to a heating condition caused by tight clearance and lack of seal flow. This 
condition was found in subsequent tests which will be documented in test series 
No. 5 results. 


ANALYSIS AND DLSIGN MODIFICATIONS 


The major objective of the program was to utilize previously gained fluid film seal 
technology to design a fluid film seal for installation in the Mark 48-0 turbopump, 
and to test the configuration under actual turbopump conditions. The NASA-Lewis 
Research Center had previously demonstrated the feasibility of using hydrodynamic 
or hydrostatic fluid film- type seals. These seals were considered to have the 
potential to achieve the multiple starts and life requirements of small turbopumps 
of this type. The first requirement was to obtain baseline pump and seal perfor- 
mance data with the existing primary LOX seal. Previous testing on the Mark 48-0 
turbopump had been curtailed due to high torque on posttest Inspection. The turbo- 
pump had been disassembled and the cause was txaced to rubbing of the turbine tip. 
The turbine tip of the turbopump is unshrouded and operates at a relatively small 
diametral clearance in a housing which has a copper plated mating surface. The 
rubbing had been slight but caused the copper surface to restrict the smooth turn- 
ing of the rotor. This was corrected by grinding the surface back to the required 
diameter and finish. It was also found that the chrome plating on the shaft had 
deteriorated under the primary hot-gas seal and this had also contributed to the 
rotor torque. This was thought to be ^e to the chrome plating extending only to 
the edge of a relief in the shaft and to inadequate adherence. To correct this 
situation the chrome plating was removed and replated. The plating was extended 
past the relief and the replatlng was done with tighter controls on the processes. 

Another change to the turbopump from the original design was the increase in 
inducer tip diametial clearance to 0.41 mm (0.016 inch) from the value of 0.28 mm 
(0.011 inch) from the previous build. This was to reduce the level of rubbing of 
the inducer on the silver plated inlet tunnel found in previous builds. 

Hydrodynamic Analysis 

It was desirable to reduce the temperature rise of the balance piston and bearing 
coolant flow because the fluid is returned to the impeller eye. A lower tempera- 
ture of the recirculated fluid would improve the suction performance. The 
greatest contributor to the heating of the fluid was found to be caused by the 
slinger. This heating can be reduced by reducing the slinger diameter. The height 
of the slinger must be sufficient to cause vaporization of the fluid before reach- 
ing the primary LOX seal radius. Liquid at the seal will increase the leakage rate 
which is undesirable. 

The balance piston flow temperature rise as a function of slinger height is shown 
in Fig. 8 . The decreasing slope of the temperature rise as the radius is increased 
is due to changes in fluid properties with temperature change. The effect of 
slinger height on the net slinger axial thrust is shown in Fig. 9 . Figure 10 and 
11 show the effects of slinger height on vaporization of the fluid and, therefore, 
sealing performance of the slinger. Figure 10 shows the radius at which the vapor 
pressure is reached as a function of slinger tip radius. It can be seen that for 
a slinger tip radius of approximately 24.8 mm (0.975 inch), vaporization occurs 
just at the seal radius. Slinger height below this radius will result in liquid 
at the seal with potential increase in seal leakage. Figure 11 shows the pressure 
expected at the seal as a function of the slinger height. The discontinuity in the 
curve is at the slinger height at which the predicted vapor pressure is reached 
at the seal radius. 
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igure 10. Mark 48 Oxidizer Expected Radius of Vapor Interface on 
Back of Slinger as a Function of Slinger Height 
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Figure 11. Expected Seal Pressure as a Function of Slinger Height 
Assuming Vaporization of Pumped Fluid When Pressure 
Reaches Vapor Pressure 








It was recommended that the slinger height not be reduced below 25*4 mm (1*00 inch) 
in order to maintain vapor at the seal radius, and this was the radius slinger 
height selected. 

Axial Thrust Analysis 

Analysis of the axial thrust from data taken in test series No. 3, May 1978, 
indicated no changes need be made to the turbopump design. The analysis of the 
axial thrust was reported in Ref. 2 and indicated the thrust range of the balance 
piston was adequate and the thrust operating point had 16% thrust margin at 3142 
rad/s (30,000 rpm) and between 26 to 32% thrust margin at 7330 rad/s (70,000 rpm). 
Reduction in the slinger diameter by 2.54 mm (0.100 inch) would, however, reduce 
axial thrust of the rotor assembly approximately 5% of the net thrust range. This 
would cause the margins quoted above to decrease by 5 points. No changes to the 
axial thrust balance piston were made for these tests except the tests were to be 
run with the balance piston flow dumped overboard and the balance piston flow 
return holes were plugged by inserting pins in the return holes. This was so 
balance piston flow could be controlled and measured. 

Spiral Groove Lift-Off Seal Analysi s 

The spiral groove lift-off seal for incorporation into the turbopump was analyzed 
as to its specific operating characteristics, environmental requirements and 
compatibility with the turbopump design. The objective of the analysis was to use 
the technology gained in previous NASA research on hydrodynamic or hydrostatic 
fluid film-type seals. This technology would assist in a seal design which could 
be incorporated into the turbopump to replace the pump primary floating ring type 
seal. Two lift-off seals tested under NASA Contract NAS3-17769 for 11 hours and 
approximately 360 starts had demonstrated the feasibility of using this type of 
seal to achieve multiple start and long life requirements on the turbopump (Ref. 3 ). 
The major concern was that the conventional floating ring seal may have difficulty 
in meeting the life and cycle requirements of this type of turbopump. The instal- 
lation of this seal is given in the upper half segment of 71g. 12. The configura- 
tion of the floating ring seal is shown below the centerline in the same figure. 

The pressure level in the cavity upstream of the seal is approximately 938 N/cm^ 
(1360 psia). Since current lift-off seal technology is limited to pressure dif- 
ferentials of less than 345 N/cm (500 psi), it was necessary to reduce the cavity 
pressure to that level to minimize operating risk. To accomplish this, a two-step 
labyrinth was added as a throttling device, immediately downstream of the bearings. 

A hydrodynamic model of the balance piston fluid flow loop was generated to define 
the pressures and temperatures at significant points. The analysis performed with 
the model indicated that the pressure upstream of the seal can be maintained below 
the 345 N/cm (500 psi) level, which is compatible with existing lift-off seal 
technology. It also revealed that incorporating the labyrinth between the bearings 
and the seal cavity will not result in inadequate coolant flow through the bearings, 
and that the balance piston maintains a satisfactory thrust control. 
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A finite element stress analysis was performed, using the results of the hydro- 
dynamic and thermal analysis, to establish the mttlng ring and seal ring operating 
deflections. The design goal was to maintain the sealing Interface gap between 
the mating ring and seal ring from parallel to 50 microinches in convergence. A 
divergent gap across the seal face results in unstable seal operation. The mating 
ring deflection was controlled by adjusting the corner chamfer to vary the centrif- 
ugal loading. 

The Monel K-500 mating ring and the P-692 graphite seal ring were analyzed as two 
separate axisymmetrlc models. The temperature gradients, surface pressure distri- 
butions, and boundary conditions of the models are shown in Fig. 13 and 14. The 
mating ring is rotated at the shaft speed of 7330 rad/s (70,000 rpm). Axial 
deflections along the spiral groove surface were obtained for three mating ring 
oesigns and one seal ring design. The three mating ring designs evaluated were 
a 1.91 mm (0.075 inch) and 1.27 mm (0.050 inch) chamfer at the opposite OD corner 
and a no-chamfer design. 

The results indicate that sealing surface deflections of the Monel mating ring can 
be readily controlled by the corner chamfer. The relative axial deflection of the 
OD with respect to the ID is reduced from 955 to 303 micromillimeters (37.6 to 
15.1 microinches) in the convergent direction by changing the corner chamfer from 
1.91 to 1.27 mm (0.075 to 0.050 inch). 

It reverses to 130 micromillimeters (5.1 roicroinches) in the divergent direction 
without a corner chamfer. 

The carbon seal ring surface deflection is 508 micromillimeters (20 microinches) 

In the convergent direction. The total surface deflection between the mating 
ring with 1.27 mm (0.050 inch) chamfer and seal ring is 889 micromillimeters 
(35 mlcrolnches) . The results of the finite element deflection analysis are given 
in Fig. 15. 

Both the Monel K-500 mating ring and the F-692 graphite seal ring designs are 
structurally adequate. The factor of safety on yield is 2.2 and the factor of 
safety on ultimate is 3.2 for the mating ring. The factor of safety on ultimate 
is greater than 10 for the seal ring. 

The effective stress levels in the three mating ring designs were about the same. 
The maximum effective stress was 32,128 N/cra2 (46,600 psi). The yield strength 
of Monel K-500 used in the mating ring is 71.000 N/cm2 (104,000 psi) and the 
ultimate strength is 105,000 N/cm*^ (152,000 psi) at 260 K (-200 F). Stresses 
and deflections of the graphite seal ring result from the external surface pres- 
sures and spring reaction. The maximum effective stress is 896 N/cm^ (1300 psi). 
The ultimate compressive strength of Carbon P-692 is 25,165 N/cm^ (36,500 psi) at 
-260 K (-200 F). Integration of the spiral groove lift-off seal assembly into 
the turbopump was completed and is shown Ik Fig. 12 and Drawing 9R0012300 of 
Appendix A. 
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Figure 13. Mark 48-0 Spiral (iroove LUX Seal TemperaCure Gradients (R 
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TABLE 5. MARK 48-0 CONFIGURATION SUMMARY 




CHANGES TO ORIGINAL DESlfiN 
IMPELLER inlet AREA ENLARGED 

IMPELLER OISCHARGE-TO- INLET/BALANCE PKrnN 
RETURN CAVITV LEAK PATH ELImKo 

BALANCE PISTON INTERNAL RECIRCULATION PLUGGED 

BALANCE PISTON OVERBOARD BLEED PORT ADDED 

ATDfTrVi«u? Sr 

SLINGER CLEARANCE REDUCED TO 0.035 INCH 

INDUCER DISCHARGE PRESSURE PORT ADDED 

IMPELLER FRONT SHROUD PRESSURE PORT ADDED : 

REDESIGNED PRIMARY SEAL NUT 

REDESIGNED PRIMARY SEAL NUT LOCK 

BYPASS HOLES AROUND BEARINGS 

SPRING ADDED TO FORWARD CARTRIDGE 

BALANCE PISTON OVERBOARD BLEED PORT ENLARGED 

MODIFIED SHAFT PLATING DESIGN 

INDUCER TIP CLEAR INCREASED (0.016 INCH) 

REDUCED SLINGER DIAMETER 


01 -1 02-0 02-1 
0977) (MAY 1970) (SEPT 1978) 






Fits 



After the turbopuinp was assembled, a push-pull test was performed on the rotor to 
establish the external loads which the bearings support as a function of rotor 
position with respect to the balance piston orifice positions. The movement of 
the balance piston can be refered to the symbols hi and h2 which define the balance 
piston high and low-pressure axial clearances, respectively as shown in Fig. 18. 

The results of the push-pull test which characterizes the load-travel response of 
the rotor within the spring loaded bearing package is given in Fig. 19. As indi- 
cated by the curve, the bearing stops were positioned so that the balance piston 
orifices axial clearances would overlap (i.e., hi and h2 would be negative) by 
0.102 mm (0.0040 inch) and 0.076 mm (0.0030 inch) respectively before a sizable 
load of 2002N (450 lb) would be imposed on the bearings. 

After the turbopump assembly, a series of leak checks were performed to ensure the 
sealing I'equirements of the turbopump were achieved. The turbopump was installed 
into the Advanced Propulsion Test Facility (APTF) in the LIMA test stand, ihe 
necessary connecting ducting was fitted to the turbopump. A schematic of the major 
ducting in the test facility is given in Fig. 20. The balance piston overboard 
flow system included a single discharge line from the turbine housing flange drain- 
ing from downstream of the bearings and out of the slinger-primary LOX seal cavity. 
This flow was to be dumped overbof.rd or fed back to pump inlet after being measured 
using a pressure differential acrt ss an orifice in the exit line. 

Test Series No. 4 (October 1978) 

The purpose of the test series was to define the baseline performance of the pri- 
mary LOX seal for later comparison to the spiral groove lift-off seal test data 
to be generated in the next turbopump build and test series. In addition, suction 
performance tests were planned to define the suction performance of the turbopump 
with and without recirculation of the balance piston flow. The test plan called 
for three tests to accomplish the objectives. These planned tests and the opera- 
ting requirements are given in Table 6 . Turbopump Instrumentation was s m . ar 
to previous turbopumps tested. A detailed instrumentation list is given in 
Table 7 and specific turbopump instrumentation is illustrated in Fig. 21. 


TABLE 6. MARK 48-0 TEST PLAN, S/N 02-1 PERFORMANCE 
(75 SECONDS; TURBINE PROPELLANT GH2) 





CONDITIONS 

TEST 

NO/OAY 

1 OBJECTIVE 

N, 

RPM 

BALANCE PISTON 
FLOW 

OPERATION 

1/1 

CHECKOUT AND SUCTION 
PERFORMANCE WITHOUT 
RECIRCULATION 


ICOS 0/B 

NPSH AT q/N NOMINAL 

2/2 

SUCTION PERFORMANCE WITH 
RECIRCULATION 

70K 

100« RECIRCULATION 

NPSH AT Q/N NOMINAL 

3/3 

SUCTION PERFORMANCE WITH 

70K 

100* RECIRCULATION 

NPSH AT 70*. 

130* Q/N NOMINAL 









TABLE 7. INSTRUMENTATION LIST (GASEOUS HYDROGEN TURBINE DRIVE) 
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TABLE 7. (Continued) 


COHMENTS 

KIEL PROBE SUPPLIED 
WAU ^ 0.150” 

CORE TEHPERATURE 

THERNOCOUPLE 

THERHOCOUPLE 

THERMOCOUPLE 

THERMOCOUPLE 

THERHOCOUPLE 

THERMOCOUPLE 

RTB 

500 P516 
THERMOCOUPLE 

LOCATION 


Un Nd 


•DSO 


»I0 

>< X M X X X 

NVMX33i 

XXXXXXXXXX X X X X X X X X X X X X X X 

3WnQ3» 

X X XXX 

RANGE 

5000 PSIG 
5000 PSIG 
0 TO 2000 F 
0 TO 2000 F 
5000 PSIG 
5000 SPIG 
5000 PSIG 
5000 PSIG 
-100 TO +2000 F 
100 PSIG 

-300 TO +100 F 

100 PSIG 

ICO PSIG 

0 TO 2000 F 

500 PSIG 

0 TO 2C00 F 

100 PSIG 

0 TO 2000’ F 

500 PSIG 

-100 TO +100 F 

5000 PSIG 

-450 TO -250 F 

1000 PSIG 1 

i 

-300 TO +100 F 

Old 

065 

080 

024 

025 
077 

079 

070 

023 

081 

on 

102 

028 

091 

026 
097 
027 

092 
012 
095 
035 
103 ' 

10 

ik(koocLci.a.o.^o. ^ -4 o. X Q- X X ^ m a. h- ^ 

ac 

UJ 

rz 

i 

< 

Ck 

INLET STATIC PRESSURE 
INLET total PRESSURE 
INLET TEMPERATURE NO, 1 
INLET TEMPERATURE NO. 2 
NOZZLE 0/S PRESSURE 
TURBINE WHEEL EXHAUST PRESSURE 
EXHAUST TOTAL PRESSURE 
EXHAUST STATIC PRESSURE 
EXHAUST TEMPERATURE 

PRIMARY LOX SEAL DRAIN LINE 
PRESSURE 

PRIMARY LOX SEAL DRAIN LINE 
TEHPERATURE 

LOX SEAL DRAIN ORIFICE U/S 
PRESSURE 

PRIMARY HOT GAS SEAL DRAIN 
ORIFICE U/S PRESSURE 

PRIMARY HOT GAS SEAL DRAIN 
ORIFICE U/5 TEMPERATURE 

SECONDARY HOT GAS SEAL DRAIN 
LINE PRESSURE 

SECC»IDARY HOT GAS SEAL DRAIN 
LINE TEMPERATURE 
SECONDARY HOT GAS SEAL DRAIN 
CRtFICE U/S PRESSURE 

SECONDARY HOT GAS SEAL DRAIN 
ORIFICE U/S TEMPERATURE 

INTERMEDIATE SEAL ORIFICE U/S 
PRESSURE 

INTERMEDIATE SEAL PURGE ORIFICE 
O/S TEMPERATURE 

REAR BEARING COOLANT SUPPLY 
PRESSURE 

REAR BEARING COOLANT SUPPLY 
TEMEPRATURE 

REAR BEARING COOLANT DRAIN 
PRESSURE 

LOX SEAL ORIFICE U/S TEMPERATURE 

H31SAS 

TURBINE 

SEALS AND 
BEARINGS 
























Facility instrumentation was similar to that previously used. The instrumentation 
capability of the test cell is given in Table 8 and was sufficient to record all 
the data required. As a safety precaution on all tests a set of redlines were 
provided which required the turbopump to operate within specified limits of speed, 
pressures, temperatures, and accelerometer levels. The redllne parameters defined 
for the tests are given in Table 9. The redllne limits, when exceeded, would 
cause the test to be terminated either by an automatic cutoff monitor or by an 
observer watching an instrument. 


The balance piston overboard flow was measured by an orifice differential pressure 
and reference temperature as shown in Fig. 21. The flow could then be dumped over™ 
board or recirculated back into the pump inlet behind the Inducer at the Impeller 
eye. Proximeter transducers measured axial and radial motion of the rotating 
shaft, and speed was also measured from an instrumentation cap at the aft end of 
the turbine bearings. The turbine Hearings are cooled by liquid hydrogen supplied 
from an external source and the proxlmeters and speed probes are subjected to th‘i 
LH2 environment. 

In order to measure the leakage on the primary LOX seal, the LOX seal drain line 
was run through a heat exchanger to insure a mixture of gaseous oxygen (GOX) and 
helium prior to passing through an orifice. A schematic of the intermediate seal 
purge, primary LOX seal cavity, and secondary hot gas seal cavity flow paths is 
given in Fig. 22. The pressure and temperature are measured upstream of the 
orifice with the downstream pressure being atmospheric. The flow is a measure 
of combined oxygen and helium but tlie helium purge flow was of. such a low magni- 
tude its effect can be neglected. 

The tests on the turbopump were conducted in early October 1978. A total of five 
tests were made with a total duration of 174 seconds of operation. A summary of 
the tost .Series is given in Table 10. The first test planned was that of checkout 
of the system at 524, 3142, and 7330 rad/s (5,000, 30,000 and 70,000 rpm) with a 
suction performance test to follow at a nominal flowrate and the balance piston 
flow not being recirculated back to the pump inlet. The first two test attempts 
failed to achieve the desired goals. Test 016-007 had problems with regulation 
of the GH 2 turbine supply pressure, which controls speed. The test was cut by 
an erroneous bearing coolant temperature reading caused by faulty instrumentation. 
The maximum speed achieved in the test was 1048 rad/s (10,000 rpm). The second 
test was terminated after a maximum speed of 838 rad/s (8,000 rpm) due to the GH? 
turbine supply pressure regulator malfunction. 

Third test (016-009) of the series was a satisfactory test with a maximum speed 
of 7016 rad/s (67,000 rpm). A 5% pump head loss was accomplished in the suction 
performance portion of the test. The test was terminated when the facility mini- 
mum supply pressure limit on GH 2 drive gas pressure was encountered, which occurs 
when the turbine gaseous hydrogen throttle valve is fully open and the pressure 
supply does not allow the turbine to maintain speed. The fourth test (015-010) 
was scheduled to be a high-speed suction performance test at 7330 rad/s (70,000 
rpm) with the balance piston flow recirculated back to the pump inlet. The test 
duration was 28 seconds and was terminated because of low pressure differential 
across the balance piston flow measuring orifice. This indicated the balance 
piston flow was lower titan desired for proper balance piston operation. 
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TABLE 8. MARK 48-0 TURBOPUMP, GH 2 DRIVE TEST INSTRUMENTATION 


RECORDER 

NUMBER OF 
CHANNELS 

DIGITAL DATA ACQUISITION SYSTEM 

64 

CEC OSCILLOGRAPH 

12 

. DIRECT INKING RECORDERS 

27 

HIGH FREQUENCY TAPE RECORDER 

7 

DIGITAL EVENT RECORDER 

120 

OSCILLOSCOPE (BENTLY AND ACCELS) 

4 

(MINIMUM) 

MILLIKIN CAfOAS 

2 

TELEVISION (B&W WITH REPLAY 
CAPABILITY) 

2 


TABLE 9. MARK 48-0 TURBOPUMP LO 2 TURBOPUMP REDLINES, 
AMBIENT HYDROGEN TURBINE DRIVE 


CUTOFF 

MONITOR 

REOLINE IDENTIFICATION 

REDLINE LIMIT 

OBSERVER 

LOX INLET TEMPERATURE 

176 R MAXIMUM 

AUTOHATIC/OBSCAVCa 

LOX PUHP INLET PRESSURE 

92 PSIA MINIMUM 

AUTOMATIC 

TURBOPUMP SPEED 

77.000 RPM MAXIMUM 

OBSERVER 

BALANCE PISTON RETURN FLOW 
TEMPERATURE 

AT - 10 R MAXIMUM AFTER 
STABILIZATION 

OBSERVER 

REAR BEARING DRAIN 
TEMPERATURE 

AT • 10 R MAXIMUM AFTER 
STABILIZATION 

OBSERVER 

BALANCE PISTON CAVITY 
PRESSURE 

SPECIFIC RANGE EACH TEST 

AUTOMATIC 

LOX PUMP DISCHARGE PRESSURE 

5000 PSIG MAXIMUM ANO 
4P • 10» 

AUTOMATIC/OBSERVER 

PRIMARY LOX SEAL DRAIN LINE 
PRESSURE 

30 >S1G MAXIMUM 

AUTOMATIC 

TURBINE SECONDARY SEAL 
DRAIN LINE PRESSURE 

30 PSI6 MAXIMUM 

AUTOMATIC 

INTERMEDIATE SEAL PURGE 
(MELUiM) PRESSURE 

ISO PSIG MINIMUM 

AUTOMATIC 

TURBOPUMP RADIAL ACCEL- 
LEROMETER** •• 

IS G RMS 

OBSERVER 

BALANCE PISTON RECIRCULA- 
TION FLOU ORIFICE DELTA 
PRESSURE 

T80 

OBSERVER 

BALANCE PISTON SUMP 
PRESSURE 

FUNCTION Of TEST SPEED 

*2 m LOU PASS FILTER 
••VIBRATION SAFETY CUTOFF DEVICE 





Figure 22. Primary LOX Seal Flow Measurement and Helium 
Seal Purge System 


TABLE 10. MARK 48-0 TURBOPUMP TEST SERIES NO. 4 SUMMARY, 

TURBOPUMP S/N 02-1 




TEST 

DORATI OK 
SECONDS 

ACCUMULATED 


TrST 

NUHBER 

TESl 

mi 

STARTS 

OUHATIOH 

SECONDS 

REMARKS 

016*007 

10-4-78 

48 

1 

48 

PIANNEC MPSH TEST AT 7330 RAO/S (70.000 RPH) . PHOBLEMS 
WITH TURBINE GHo SUPPtT REGULATOR. CUT TEST, BEARING 
COOLANT TEMPERATURE. HIGH NAAIHUM TEST SPEED lOAfc HAU/S 
(10.000 RPM). 

016*000 

10-4-78 


2 

83 

MAXIMUM TEST VEED 838 RAO/S (8,000 RPM). TURBItlE (iH; 
PRESSURE REGULATOR MALPUNCTIQN. 

016-009 

10-6-78 

66 

f 

U9 

SATISFACTORY NPSh TEST TO 7016 RAO/S (67,0(N' RPM; WITH 
BALANCE PISTON FLOW 08E180AR0. SL MEAD DROP ON 
CAVITATION TEST. 

Olb-OlU 

1 

10-O-78 

28 

•t 

167 

PLANNED NPSH TEST AT 7330 HAB/S (70.000 RPM) WITH 
BALANCE PISTON FLOW RECIRCULATED IN PUMP. REACHED 
SPEED OF 3U» RAO/S (30.000 RPM). CUT OFF FOR 
INSUFFICIENT balance PISTON RECIRCULATING FLOW. 

016-OW 

10-10- 7«£* 

7 

6 

174 

PLANNED NPSH TEST AT 7333 RAD/5 (70.003 RPM) WITH 
balance piston flow RECIRCULATED IN PUMP HEACHEO 
SPEED OF 7?S1 RAO/S (69.240 RPM) . 5TA8UUE0. SUDDEN 
SHIFT IN parameters and 2 SECONDS LATER PUMP DISCHARGE 
PRESSURE DROPS INITIATING TEST CUT; FIRE ENSUED. 
DAMAGING PUMP. 
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The naxitnuai speed achieved was 31^*2 rad/s (30,000 rpni) • After examination of the 
data, the flow orifice diameter for the b‘?'*'nce piston was increased from 0.221 
to 0.260 inch and the balance piston recirculation line size was Increased from 
12.7 to 25.4 mm (0.50 to 1.00 inch) to reduce the line resistance and Increase 
balance piston flow. The primary LOX seal drain orifice size was also reduced 
after test 016-010 from 22.2 to 12.5 mm (0.875 to 0.500 inch) diameter to improve 
accuracy of the seal leakage flow measurement. 

The next attempt to test was test 016—011 but was cut on startup due to the balance 
piston recirculation flow temperature indicating insufficient chill in the balance 
cavity sump area. No speed was achieved. 

Test 016-012 was a planned suction performance test at 7261 rad/s (70,000 rpm) 
with the balance piston flow recirculated to pump inlet. In the test, the pump 
speed was increased to approximately 3142 rad/s (69,340 rpm) ove’* a period of 
approximately 7 seconds. At this point the oxidizer pump sustained a failure 
which included a fire which caused major damage to the pump. 

Incident Investigation, Test 012 

The turbopump failure and attendant fire instigated an immediate investigation of 
the incident. The data and hardware from the test was reviewed in a failure mode 
analysis Including the following: 

Data Review 
H.ardware Condition 
Hydrodynamic Performance 
Balance Piston Analysis 
Thermal Analysis 
Vibration Analysis 
Bearing Condition Evaluation 

Data Review. A review of the data from test 016-012 incidated the pump exhibited 
^rmal behavior through the 3141 rad/s (30,000 rpm) operation and through the 

5 seconds of high speed operation near 7225 rad/s (69,000 rpm). The speed 
trace of the data is given in Fig. 23. At that point, a sudden shift occured in 
most turbopump parameters. Approximately 2 seconds later, pump discharge pres- 
sure dropped suddenly initiating a test termination. A review of the major param- 
eters is illustrated in Fig. 24. The figure shows the shift In parameters ac 
approximately 43.3 seconds. The shift indicates a decrease in pump speed combined 
with an increase in pump discharge pressure, Impeller front shroud pressure, and 
balance piston cavity pressure along with flowrate measured in pump discharge 
line. The pressures that decreased were the balance piston sump pressure, all 
pressures in the balance piston return flow loop, with a decrease in flow in the 
balance piston line. These data indicate increased pressure in the pump zone and 
decreasi'd pressure in the balance piston sump zone, which is indicative of impeller 
balance piston movement aft toward the turbine thus closing the low pressure 
orifice h2 of Fig. 18 or forward closing the high pressure orifice hi. The initial 
drop in balance piston cavity pressure would indicate first movement was forward. 
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Hardwaro AnulyalM. The pump hardwaro was I'xtiuisivol y diuuagod. Thp burn pattern 
’was^jualnlV *1 lorward and inoludod the Impeller as shown in Fig. 25. 

Some minor l>urniug was ioe.'Ued in llie. return cavity hut the slinger and pt Inun y 
LOX seal and seal retaining nut were in relatively good condition, indicating they 
were not the cause. The heaviest hu-ning was conce\»trated at the inducer,, impeller 
front shroud and impeller tip. lloth impeller and Inducer were burned to the hubs 
and large so.etlons of the tuiet, dlfftiser at>d volute were consumed. A ma.ior pi>r- 
tlon of the damage i.s shown in Klg. 2b. The hearing closest to the impeller was 
intact but fro?,en with slag, a»ul the Inner race \^as cracked. The No. . beating 
had failed with the cage fractured, the h.ills v.;cre creased, and appi'ojcimately 
one-quarter of the cage was located in hearing No. 1. No fire was evident in the. 
bearing but the Inner race wa.s also cracked. All evidence pointed the tact, that 
the rotor had shifted toward the pump end, including the turbine wheel which had 
a deep rub on the upstream (pump) side with no rubbing on the downstream side. 

Data Analvsls. A review of the pump and turbine hydrodynamic performance indicated 
VhatlitVTuVblno pv^wor was ‘constant and normal and the pump head-flow portormanco 
was normal. The pump data prior to the shift wore compared witlt the previous test 
series No. 2 and 3. The head-flow performance Is presented In Fig. 27. Thote is 
no apparent change in performance Indicated. The same is true for the iseutropic 
efficiency given in Fig. 28 when compared with test series No. 3 data. A compail- 
son of the head-flow performance before and after the shift is given in Fig. Lb. 

It indicates there was a change in performance where the flow Increased approxl- 
matolv 25^. and the head increased 4.5%, This small shift would be caused bv the 
roduetion in net reeircnlation with an attendant decrease in the flow through the 
impeller, which would also increase the head rise. Thus, the pump perlormauee is 
scon to be normal throughout the test including after the apparent rotor shitt. 

Balance IMston Ajia l,>:^ts.. The atialysls of the balance piston performance v^as done 
using aV TnKi'lvtlc'ar model refined by comparing the available measured pressure 
values to the predicted values. The preduetlon of the balance piston force r.ange 
was then rnjidi' for three vahies of sump pressure. This was compared to the summa- 
tion of axial force.s calculated by pressure data on the other oompomMU parts ot 
the turhopump rotor assemhlv. The resolts are Illustrated in llg. 30. Ihese data 
i)ullcate that the balance piston operating pt'lnt required for thrust margin was 
not centered In the ha lance, force, range but was marginal. Reduction in 

sump pressures to bbO N/cm- (1000 psl) Indicates the margin v^ould be Improved 
but only ly. Tbo at\alyslv^ also rovcalod that Iho woasurod roo in ulatlon 

flow vv’as higher than predicted by the model, tudleatiug a larger total gap from 
high to low pressure orifice or a possible bypass flow arovind the balauee piston. 
Also, the measured balance piston cavity pressure could not be matched bv the 
analytical prv\gram. This indicated that the measurement was either taulty or the 
pump was operating with a negative high pressure orifice clearance. 

Thermal Analvsls. The thermal analysis investigation based on the available 
temperaluve measurements Indueated that the reolreulat ion fluid was always in the 
liquid state. Furthermore, no increase in energy level ot. the recirenlated llmd 
was apparent during the apparent rotor shift. These results show also that no 
heat addition occurred in the bearings Indicating that no bearing failure was in 

pvovjrotis. 
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Figure 26. Pump Hardware Damage 






Mark 48-0 Pump Performance, 1977 and 1978 Test Series 





Performance 




OVERALL HEAD, FT. 




# 


REQUIRED C-OR THRUST BALANCE 


TEST 01 2. SLICE 11 
SPEED 

UPSTREAM PRES. 
DOWNSTREAM PRES. 


69191 RPM 
3404.3 PSIA 

- - 1203.7 PSIA 

(MEASURED RETURN CAVITY PRESSURE) 

-1509.8 PSIA 

(MEASURED SUMP PRESSURE) 

1000PSI (PROPOSED 

SUMP PRESSURE LIMIT) 


BALANCE PISTON POSITION. X /5 


12/2/78 


Figure 30. Mark 48-0 Pump Perionnamea, Oi tobcr 1978 Test Series 



Vibration Analysis. The vibration analysis indicated the levels of ^pration were 
Tenerally normal for tests 016-009 and 016-012 prior to the shift. The accelerom- 
eters recorded vibration levels of 1.7 to 3.7 g rms for test 009 and 012 before 
the shift. At the shift the maxinmm levels ran to 5 g rms. After the shift 
data show 1.2 to 1.6 g rms. There was no subsynchronous whirl activity evident 
but some supersynchronous activity at 1800 Hz (1.55 times synchronous) 

This is a possible indication of rubbing within the turbopump. A summary of the 
accelerometer data is given in Fig. 31- 


Bearing Analysis . Analysis of the pump and bearings condition 
bearing No. 1 damage occurred just as rotation stopped. Bearing No. p 
normally until the balls stopped in the outer race by the slag produced by the 
fire. Bearing No. 1 was intact and showed no axial loads with cage loads that 
were excessive. Bearing No. 2 Indicated an axial load in the order 1557 N 

(350 lb) with no large radial loads. It was estimated that bearing 
apparent loads would be 1.5 hours. 


Conclusions and Corrective Acti on. Many failure modes were formulated and in 
the process of invesTTgation, were disqualified by the analysis of the avail 

able. The most probable failure mode was Inadequate axial thrust load control by 
the balance piston. This lead to failure of the No. 2 bearing under a.ial load 
with axial and radial rubbing of the high pressure orifice at the impeller tip and 
rubbing of the impeller front wear ring initiating heat and fire. It is a 
possible that the high pressure orifice rubbing occurred first, with subsequent 
blockage by debris of the low pressure rub ring, allowing the balance piston 
cavity pressure to go up while sump pressure was going down. Also advanced was 
the pLsibilitv that the pins in the internal recirculation path that were used 
to block the flow might have been injected into the impeller, or that a foreign 
object from the recirculation system caused debris, plugging the orifices and 
initiating failure. U became apparent from the detailed failure analysis that 
several modifications to the turbopump could reduce the risk of turbopump failure. 


It was concluded that several design modifications were mandatory to avoid a 
recurrence of test 012 failure and to improve the general design of the pump. 
Those design modifications included 


1 . 

2 . 


lUlmir ce recirculation passages through diffuser vanes and eliminate 
any possibility of blockage pins entering into the pump inadvertantly 


Increase the balance piston control margin by reduction in sump 
pressure. This could be done by separation of balance piston return 
flow and bearing coolant flow lines. This would facilitate a higher 
weight flow potential through the balance piston and reduce the bearing 
axial loads due to the high pressure drop and flow through the bearings. 

Improve the centering of the balance piston position on the range of 
balance piston force. This could be done by changing the net axial 
force of the rest of the turbopump rotor assembly including the higher 
than predicted turbine wheel axial thrust. 


Improve the accuracy of balance piston pressure measurements such that no 
pressure measurement transfer lines pass through flange interfaces. This 
also eliminates any possible leak paths in the balance piston system. 
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Other design changes were recommended to avoid problems not associated with the 
pump S/N 02-1 failure. These were the possible use of solid silver or Kel-F 
inducer tunnel and impeller wear rings and solid silver balance' piston low and high 
pressure balance piston orifices. Recommendations were also given to consider the 
use of a bearing coolant source independent of the balance piston i;,^ow recircula- 
tion system. 

Pump Hydrodvn.nmic Performance 

The pump hydrodynamic performance of test series No. 4 has been presented Hn part 
in the previous incident investigation section. Figure 27 and 28 give the head- 
flow performance and isentropic efficiency data. These data Indicate the pump 
head-flow and efficiency are essentially the same as for previous tests. The ■ 
isentropic efficiency for this build shows a slightly higher value than that of the 
series No. 3 test data. The results of pump suction performance test 009 were 
analvzed and are illustrated in Fig 32 . These results indicate a suction specific 
speed of 84210 ) (rad/s) (m3/sec)^/2/(j/Kg)3/4 | |;24,COO (rpm) (gpm)l/2/(ft-lbf/ 
Ibm)^^^] with no indication of cavitation at inlet flow coeff icientO.0883. This 
verified that the design improvements made for the pump are proper. Analysis 
indicated that the suction performance might be demonstrated up to a suction 
specific speed of 112280 j (rad/s) (m3/sec)l/2/(j/Kg)3/^ \ [32,000 (rpm) (gpm)*-/“/ 
(ft-lbf/lbm)3/^]. 

Seal Leakage. During the test series, special provisions were made to measure 
the leakage rate of the floating ring LOX primary seal to provide a basis of com- 
parlson with the performance of the hydrodynamic lift-off seal. Since th® fluid 
emanating from the drain cavity is mixed phase, a heat exchanger was included in 
the drain line to convert it to gas before measurement. Flow was then established 
by recording the pressure drop across a sharp edge orifice. A minor complication 
was presented by the fact tliat part of the helium purge gas from the intermediate 
seal leaks into the primary LOX seal drain cavity; however, the amount of total 
purge flow into the intermediate seal was monitored, and its magnitude was so low 
(0.007 Ib/sec) that its effect can, for all practical purposes, be neglected. 

In order to improve the precision of the LOX primary seal leakage flowrate data 
for test Oil and 012, the flow measuring orifice was resized from 22.2 mm (0.875 
inch) to 12.7 mm (0.500 inch) diameter. This Increased the pressure at the flow 
measuring orifice inlet from approximately 5171 N/M^ (0.75 pslg) to 172369 N/M 
(25 pslg) and resulted in a more precise flow measurement. The primary LOX seal 
leakage measured was low and averaged 0.073 Kg/s (0.160 Ib/s) at 3246 rad/s 
(31,000 rpm) and 0.078 Kg/s (0.172 Ib/s) at 7226 rad/s (69,000 rpm). The data of 
test 012 is considered to be most accurate because of the orifice change. The 
flowrates recorded are presented in Fig. 33 as a function of the pressure levels 
recorded in the cavity upstream of the seal. The correlation between seal leakage 
and shaft rotational speed is indicated in Fig. 34. 

Mechanical Performance 

The mechanical performance of the turbopump during test series No. 4 could not be 
fully evaluated because of the damage created by the fire. The examination of the 
turbine end of tlie turbopump indicated the No. 3 and 4 turbine bearings were in 
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good condition. These bearings a^Lring^n’^hf pumJ^S^rthe 

evidence of high radial loads exis . The turbine wheel was 

only bearing showing failure possibi ity ^ ^ on* the wheel from contact 

shifted teverd the pump end end Z tHe ^lleft was sheered 

with the upstream side shield. ^aj-ian« (90 decrees) around the original 

off end the Inducer hub hed rotated 1.57 “ s „st effected 

shaft position. The aft portion (turbine ^I^Ld^at the pump volute 

by the pump failure. The turbine housme »as slightly thfilffuser 

matching face, ^he return cavity contained ^ 

axial holes originally used for balance . scorched, showed no evidence 

exception of the primary LOX seal which was „;s in good condition, 

of damage. The chrome plating on t e s a slinger showed slight rubbing 

The primary LOX seal nut was tight ^ P ^ bearing support assembly which 

on the pump side but none on the seal side, fhe aft bear ing^^^P^ 

includes the aft stub shaft, outboard sea , ... summary, all hardware 

cap and the shaft stud was clean an in ^nd all hardware in 

aft of the primary LOX seal was in good condition, me rotor a 

front of the seal was damaged beyond repair. 
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TURBOPUMl’ DESIGN CHANGES AND PROCUREMENT 

Operation of the turbopump within the LOX seal Demonstration lest Program revealed 
a problem in maintaining satisfactory rotor axial thrust control when the test 
series of October 1978 ended in a pump fire with damage to most of the pump hard- 
ware. The data analysis disclosed that the cause of the failure was excessive 
residual thrust toward the pump inlet, which eventually overloaded the No. 2 
bearing and caused internal metal— to— metal rubbing and subsequent llie. 

The large re dual thrust was attributable to two factors. In the original con- 
figuration in which all of the balance piston fluid passed through the. pump end 
bearing package, the sump pressure and consequently the operating range of the 
piston was constrained by the maximum flowrate which the bearings could accommodate 
before they would be distressed by high pressure differentials. Furthermore, pres- 
sure measurements indicated that the turbine wheel was subject to an axial thrust 
component which theoretical approaches do not readily predict, and which therefore 
was not included in the original axial thrust summation. 

Accordingly, a MK 48 Oxidizer Turbopump Follow-on Work Plan (RI/RD79-115) was 
developed and presented to NASA-LeRC for review, evaluation and acceptance. The 
plan inc.orpora'-ed modifications to the turbopump which provided sufficient rotor 
axial thrust control capability and would allow safe completion of the demonstra- 
tion tests with a spiral groove type lift-off primary LOX seal. 

In the extension of the program, corrective design modifications were Introduced to 
enlarge the range of the balance piston and reduce the turbine wheel thrust compo- 
nent. A new set of hardware was fabricated which replaced that damaged In the fire 
and which reflected an improved configuration for test evaluation and better 
performance. 


Design Changes 

Analysis of the pump modification requirements covered nuiny possible configuration 
changes which were aimed at correcting the axial thrust balance and Improving the 
measurement of the. necessary parameters within the pump. It was also desirable 
to separate the pump bearing How path out ol the balance piston flow path. This 
design change \^fas also required to reduce the pressure downstream of the bearings 
in order to Incorporate the spiral groove Urt-ofi seal into the turbopurap. The 
finalized design is represented in Drawing 9R0012300, Appendix A. Subsequent to 
the turbopump testing, a decision was made to test without the use of the spiral 
groove lift-off seal. This decision was based on technical problems encountered 
in spiral groove lift-off seal testing on other teclmology progi'ams. As a result, 
the spiral groove lift-off seal was replaced with the previously designed and 
tested floating ring, fixed gap seal and sllnger. The design of the labyrinth 
seal between the bearings and the seal cavity was maintained by Incoi pointing the 
labyrinth rings on the sUnger l\ub. Tliis design change was Incorporated onto 
Drawing 9R0014079, Appendix A. Figure 13 i>rcsciUs a composite ol; the design with 
the upper half showing tlie lift-off seal and tin' lower half showing the original 
seal. The design Incorporated an external flange for the diffuser which was used 
to provide a separate drain for the balance piston Independent of the bearing flow. 
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DIFFUSER 






This consisted of six radial holes equally spaced around the flange and connecting 
internal lines around the pump scroll to transport the balance piston flow back 
to the impeller inlet* These holes could be blocked by pins to allow flow to be 
dumped overboard or the external line could be sealed and the pins removed for 
internal flow recirculation. 

In the design, the emphasis was placed on improving the quantity and quality of 
instrumentation measurements. Communication across Interfaces closed out with 
doughnut seals was eliminated where possible with only one critical measurement 
out of nine now requiring a seal* That measurement is the downstream bearing 
pressure. Table 11 lists the nine critical parameters. Items 1 and 2 are taken 
out through the pump volute, items 3 through 8 are taken out of the new diffuser 
flange between balance piston flow lines, and 9 is from an existing measurement. 
This instrumentation fully maps the paths for: 

1. Impeller front shroud flow 

2. Balance piston flow 

3. Pump end bearing flow 

TABLE 11. CRITICAL PUMP END HYDRODYNAMIC MEASUREMENTS 


1. BALANCE PISTON RETURN FLOW TO IMPELLER INLET PRESSURE 

2. IMPELLER LABYRINTH SHROUD U/S PRESSURE 

3. IMPELLER DISCHARGE PRESSURE 

4. BALANCE PISTON HIGH PRESSURE ORIFICE D/S PRESSURE 

5. BALANCE PISTON LOW PRESSURE ORIFICE U/S PRESSURE 

6. BALANCE PISTON LOW PRESSURE ORIFICE D/S PRESSURE (SUMP PRESSURE) 

7. PUMP END BEARING SET U/S PRESSURE 

8. PUMP END BEARING SET D/S PRESSURE (SHAFT SEAL LABYRINTH U/S PRESSURE) 

9. SHAFT SEAL LABYRINTH D/S PRESSURE 


Methods to reduce the axial thrust component on the turbine wheel were analyzed. 
The previous test data contained static pressure measurements from the upstream 
and downstream sides of the turbine wheel. These data Indicated a turbine axial 
thrust component toward the pump. The analyses concluded it was more predictable 
to compensate for the turbine component axial thrust than to modify the turbine 
to reduce it. This was done by decreasing the labyrinth diameter on the impeller 
front shroud and an Increase in balance piston force range was also contemplated 
by reducing the balance piston sump pressures. 



Hardware Procurement 

The design changes, coupled with the damaged hardware., required 
co;,:Sn? p»rts\o’be t.bH.-at.d, A ll.l of fh. ».lor part, 'f 

rlcated is given in Table 12. along with the vendor sources. ^ 

other small component parts were required sueli as special nuts, locks an s 
plrts were procured in most part from outside supplier sources in -standard pro- 
curement prLtice. Minor rework of the Uirbine housing was 
minor damage. The flange face was damaged and had to be resui ace y 


TABLE 12. MAJOR COMPONEN'l' PARTS PROCUREMENT 


NAME 

PART 

NUMBER 

VENDOR 

SHAFT FORGING 

7R0012029 

ARCTURUS 

SHAFT 

RS009646E 

CONTURA 

INDUCER 

RS0096b0E 

CONTURA 

SPIRAL GROOVE SEAL 

R0011532X 

CRANE 

DIFFUSER 

9R0012281 

CONTURA 

VOLUTE CASTING 

9R0012282 

MILLER CASTING 

VOLUTE MACHINING 

9R0012282 

TRI MODELS 

STUD, VOLUTE 

9R0012283 

TRI MODELS 

BEARING SLEEVE ' 

9R0012285 

FINN TOOL 

BEARING RETAINER 

9R0012286 

FINN TOOL 

BEARING SPRING 

9R009612E 

ASSOCIATED SPRING 

IMPELLER 

9R0012287 

CONTURA 

LABYRINTH 

9R0012288 

TRI MODELS 

LABYRINTH SLINGER 

90''J'i8239 

ROCKETOYNE 

INLET 

9R0012290 

TRI MODELS 

NUT, OXIDIZER PUMP 

I 9R0012298 

FINN TOOLS 



Fabrication Problems 


Procurement of the various component parts from various vendors went smoothly 
with the exception of several items. A large number of schedule delays were 
encountered with the diffusers and impellers. An error in the process planning 
of the diffuser caused the parts to be finish machined to the high tolerance 
requirements specified prior to the required heat treatment. This r. *>ulted in 
part shrinkage at the critical diameters and warpage of the flange surfaces. 

Due to delays in supplier capability to correct the condition, the parts were 
reworked under Rocketdyne engineering direction at another outside source. This 
rework consisted of chrome plating the undersize diameters and regrindlng to the 
dimensions required. The flange faces were reground to a high tolerance finish. 
Discrepancies in the tooling used in electrical discharge machining (EDM) of the 
impellers resulted in scrapping the first impellers fabricated. The second set 
were also found to have dimensional discrepancies when they were received. The 
major problems encountered in the impeller machining was the extremely small 
passages required to be machined. Previous procurement of these parts was also 
a problem in the first builds of the turbopump. The Impellers were made success- 
fully but with some difficulties and scrapping of the first parts attempted 
occurred on the first procurement also. This indicates that the present impeller 
design is pushing the state of the art in fabrication. Investment castings or 
some other high tolerance method of fabrication should be considered on any sub- 
sequent procurements. 

Inspection and Hardware Proof Testing 

As the parts were received they were inspected ^^dimenslonally and approved for use. 
The volute required a high pressure structural proof test as did the instrumenta- 
tion line welds on the diffuser. As a result, the volute and diffuser were com- 
bined with a pressure test fixture and proof tested to pressure levels of 3958 
±79 N/cm^ (5740 ±115 psi) in the high pressure zone of impeller discharge to 
volute discharge and in the inlet low pressure zone in front of the impeller 
front wear ring of 534 ±11 N/cm^ (775 ±16 psi). The parts were cycled five times 
with no leakage or structural failures. 

Molds were taken of the impeller passages to determine how smoothly the passages 
blended. The dimensional inspection revealed that the front shroud thickness 
requirements were not met. The drawing required a constant shroud thickness of 
1.524 mm (0.060 inch). The minimum thickness distribution of the shroud was 
measured in each impeller passage. The shroud thickness was very consistent 
between passages. The minimum thickness found was 0.229 mm (0.009 inch) and was 
located in the pressure side passage of the pat*’ !al blade adjacent to the partial 
leading edge. The passage located on the pressure side of the full blade indi- 
cated a minimum shroud thickness of 0.889 mm (0.035 inch). The shroud minimum 
thickness distribution for the two respective passages is compared to the print 
dimensions in Fig. 36 and 37. The blade thickness distribution developed in the 
analysis of inspection data indicated the minimum full blade thickness was aver- 
aging approximately 85% of the nominal print thickness from the leading edge back 
to approximately 35 degrees from the trailing edge. The areas near the trailing 
edge was indicated as being above nominal thickness. It should be noted that the 
fillet radius requirements for the blade are 1.524 ram (0.060 inch) all over. 
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Figure 36, Partial Blade Pressure -Side Passage 



Figure 37. Full Blade Pressure -Side Passage 


This causes the fillet radius to cover all but 0.762 mm (0.030 inch) (20/() of the 
blade at the impeller discharge and approximately 70% of the blade at the leading 
edge. This adds considerably to the impeller blade shroud strength. 

A stress analysis was performed to determine the acceptability of the parts. The 
analysis indicated that it was feasible to spin test the impellers as a way of 
proof testing their structural acceptability. Analytical evaluation would be 
dif.ficult and time-consuming and required very detailed geometry input, which is 
not easily obtained in the smaller impeller passages. It was determined analyti- 
cally that the stresses in the shroud and blade due to the centrifugal loading 
were large compared to the blade pressure loading stresses. It was, therefore, 
considered feasible to nearly duplicate operation of the impeller in the turbopump 
by using a high speed spin test to proof the shroud and blades as to their accept- 
ability. The stress analysis summary is presented in Fig. 38. 

An arbor for s'>.n test of the impellers was designed and fabricated. The impeller- 
arbor assembly was balanced and successfully spin-tested to a proof speed of 
8210 rad/s (78,000 ±300 rpm) . This proof-test speed was determined by accounting 
for the strength ratio of the impeller material between turbopump testing in 
liquid oxygen and proof testing in the ambient vacuum test facility. Posttest 
penetrant inspection revealed no cracks or damage from the proof test. 

Rotor S/N 1 failed a proof spin test in the Rocketdyne spin test facility. Dim- 
ensional inspection of the rotor and shaft had indicated the parts were acceptable. 
Proof spin testing of the rotor was required to a speed of 9362 rad/s (89,400 
rpm) in order to qualify it for operation at design point conditions on the turbo- 
pump. The test was conducted on shaft S/N 1 in the spin pit. The test fixture 
shown in Fig. 39 spins the shaft by hanging it on a small spindle in a free spin 
mode. Any appreciable loads developed would generally act on the spindle failing 
it, and the rotor would drop onto a nylon bushing to protect it from damange. 

The rotor balance was accomplished by attaching a balancing arbor on each end of 
the part and balancing the assembly. When the rotor reached a speed of 8021 rad/s 
(76,600 rpm), the small end of the shaft failed between the spline section and 
the threaded section as shown in Fig. 39. The failure launched an investigation 
into the cause of the failure and the possible loads Involved. 

The investigation determined the fracture to be intergranular caused by tension 
or bending. Further material analyses iiidicated an excessive grain size. The 
repeatability of the intergranular fracture (unusual for this material) and the 
large grain size was found by test of a small prolongation of the failed shaft 
left from the machining. The second shaft (S/N 2) prolongation showed transgranular 
fracture (normal fracture mode) and smaller grain size. All material still 
exhibited a high ultimate strength of 141,348 N/cm-^ (205,000 psi) , a yield 
strength of 105,500 N/cm^ (153,000 psi) and an elongation of 20.5%. It was con- 
cluded that rotor shaft S/N 2 properties were acceptable for use if the fatigue 
limit could be reduced by 20% and the number of cycles by one order of magnitude. 
Also, the static strength of the turbine end only should be reduced by 10% due to 
the high local grain size found. 
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THINNEST SHROUD SECTION OCCURS APPBOXIMATEL 

at partial blade leading edge. 

STRESS ANALYSIS OF PARTIAL BLADE LEADING EDGE AT 
SHROUD INDICATE*! AT 70000 RPM: 

CENTRIFUGAL P/A ■ <000 PSI 

CENTRIFUGAL BENDING - 50200 PSI 
PRESSURE BENDING • 2900 PSI 

MOMENT AT SHROUD THIN SECTION 
bending moment IS THEORETICALLY ZERO. 

SHROUD STRESS AT THIN SECTION DUE TO VANE 
PRESSURE BENDING IS SMALL. 

SHROUD HOOP STRESS WILL LOCALLY '^'^LD AT THIN 
SECTIONS AND REDISTRIBUTE LOAD INTO ADJACENT 
THICKER MATERIAL. 

SINCE PRESSURE STRESS AT THE THIN SECTIONS IS ^W 
RELATIVE TO THE CENTRIFUGAL STRESS, A PROOF SPIN 
TEST ACCURATELY SIMULATES THE OPERATING 
STRESS DISTRIBUTION. 


SHROUD 


!!! 

OD 


Figure 38. Impeller Blade Stress Analysis Summary 
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Figure 39* Hark 48-0 Shaft Spin Test Setup 
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The dynamic analysis of the shaft consisted of developing a dynamic model for 
determination of the critical speed characteristics and bending modes of the 
shaft with balance arbors attached. Further development of a dynamic response 
model was made to assess the possible loading caused by dynamic imbalance in a 
critical speed bending mode sViape. The analysis resulted in the critical spee 
occurring at speeds which coincide with the speed at shaft failure. The range of 
critical speeds of 7540 to 8378 rad/s (72,000 to 80,000 rpm) was found by using 
three different cases of spin arbor attachments. The speed at which failure 
occurred was 76,600 rpm. The typical mode shape of shaft at the critical speed 
was determined but the bending stress developed for the shaft bending mode shape 
was found not to be sufficient to cause failure. Development of the response 
model allowed calculation of the effect of the weights used to balance the shaft 
and which are redistributed about the center of rotation by the critical speed 
bending mode. The analysis was taken over the full critical speed range with the 
balance weights located both angularly and radially as they were on the shaft 
spin test. The analysis was made for several joints or segments of the shaft. 

The data show the loads at locations near the failure plane are high at 7540 rad/s 
(72,000 rpm) and much reduced at 8378 rad/s (80,000 rpm). Similar results sre 
seen at several other locations at those speeds. Conversion of the moment loads 
to stresses within the part indicate the maximum stress levels occur at the oca- 
tlon of the failure. The results clearly showed the highest stresses occurred at 
the failure plane and that more than adequate stress levels had been reached to 
cause a bending failure mode. 


This data quite conclusively showed the failure mode. The next effort planned 
was to design an arbor to place on the small end of the s^^ft which 
the shaft and drive the critical speeds to well above the 9362 rad/s (89,400 rp ) 
proof test speed. The arbor was designed to put tension in the small end of the 
shaft by loading it with the impeller nut. This added stiffness drove the calcu- 
lated critical speed up to 12,043 rad/s (115,000 rpm) which is well above the 
proof test speed required. The arbor mass was kept low to aid also in keeping 
the critical speed high. The arbor design is shown in Fig. 40. 


Some material discrepancies have been Indicated in the material evaluations of 
the shaft failure analysis. The discrepancy showed a large grain size in the 
material in the rotor wheel of the remaining shaft. Property reductions estimated 
due to the visibly large grain size reduce the calculated allowable shaft speed 
at hot turbine drive conditions to 7247 rad/s (69,200 rpm) and to 7938 rad/s 
(75,800 rpm) at ambient gaseous hydrogen drive conditions. The shaft was success- 
fully tested at ambient test conditions to 8734 rad/s (83,400 rpm) to qualify it 
for maximum test speeds with a gaseous hydrogen drive of 7938 rad/s (75,800 rpm) 
or 8.3% above the planned maximum target speed of 7330 rad/s (70,000 rpm). 


The problem encountered here is caused basically by the very high speed require- 
ments of this small rotating assembly, ft is interesting to note that two previous 
dimensionally similar shafts had been successfully proof tested on the early design 
balance arbor without incident. This incident docs indicate the need for thorough 
dynamic analysis of proof spin assemblies at the high test speeds required of 
these turbopurap designs. It is also interesting to note that the bending mode of 
the shaft and the imbalance response were such as to generate high bending loads 
within the shaft and not transmit enough load to fail the small 3.18 mm (0.125 
inch) diameter drive spindle. Thi.s (allure mode was very unusual and highly 
unpredictable. 
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TURBOPUMP S/N 03-0 ASSEMBLY AND TEST 


Specific objectives planned for turbopump S/N 03-0 test program included verifica- 
tion of the redesigned balance piston capability to provide adequate thrust con- 
trol over a wide flow range and determination of the turbopump suction performance 
capability. The overall turbopump performance was to be evaluated as well using 
appropriate instrumentation. The previous objective to use the spiral groove, 
lift-off seal design and to determine its performance capability was deleted. 
Testing of a lift-off seal similar to that designed for the turbopump had encoun- 
tered technical problems with the design concept. After test rig failures, it 
was determined that these problems required resolution by further component test- 
ing before the seal could be considered sufficiently reliable for turbopump oper- 
ation. As a result, the turbopump program had been redirected to test the 
turbopump with the floating ring seal while verification of axial thrust control 
and suction performance definition was pursued. 

A ssembly and Installation 

Procurement of the hardware was completed and the necessary inspection and proof 
tests were completed. The rotor assembly was balanced on the Gisholt balance 
machln'^. The machine has a capability of detecting 6 x 10"*^ mm (25 jj-lnch) radial 
motion. The rotor mass of 2.84 Kg (6.25 lb) gives a machitie accuracy of G.18 gm-cm 
(0.07 gm-inch). This is equivalent to a radial load of 98 N (22 lb) at a speed 
of 7330 rad/s (70,000 rpm) . The rotor was balanced by being supported in the 
balance cradle with two pairs of axially preloadcd bearings, just as would occur 
in the turbopump assembly. The balancing was done by using the main rotor and 
rear stub shaft assembly first with wax corrections applied in the plane of the 
turbine wheel and stub shaft. This was followed by the slinger, impeller, inducer 
and instrumentation sleeves making wax corrections in the plane of each component 
before the next part was added. A relatively large imbalance was evidenced on 
the impellers. This slowed the balance due to a lack of available material in 
the shrouds for balancing. Several repeatability checks were made with the rotor 
disassembled and reassembled to satisfactory repeatability and runouts were taken 
on the assembly components. The final runout values are given in Fig. 41. Per- 
manent balance was completed by grinding imiterlal in the required areas of the 
component parts. 

The assembly of tutbopump S/N 03-0 was acct^mplished in accordance with the pro- 
cedure described in Ref. 1 . The front and rear bearing inner race thicknesses 
were selected to provide a minimum bearing preloacl of 245 N (53 lb)* and to obtain 
a total bearing travel within each cartridge of 0.23 mm (0.009 Inch). 

The measurements were made during the assembly of the turhopump to establish 
critical clearances and fits. The diametral fits obtained relative to the bearings 
are noted in Fig. 42. Critical clearances In the pump, shaft seals, and turbine 
area are included in Fig. 43 through 45. 
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Figure* 41. 


Hark 48-0 Turbopump S/W 03-0 balauce Assembly Runouts 









Figure 43, Mark 48-0 Turbopump S/N 03 
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After the turbopump was g‘beaiin^^ function of rotor 

to establish the external loads which ® positions. The curve which 

position with respect to the balance piston orifice 

was obtained is shown in Fig. ^ -pp^axial clearances, respectively. As indicated 
piston high- and low-pressure orifice L balance piston 

by the curve, the bearing stops were sizeable load (1780 N) 

orifices would be well past totally closed before a sizeao 

(400 lb) would be imposed on the bearings - 


WW J-iyy WWW— — * 

One problem area developed during the °j^^^g/duSg^a disassembly which 

encountered on previous builds. An impelle ^ ^^^re was due to two factors, 

initiated an investigation into the cause The requirements. 

The torquing slot depth on the nut was torque requirements were 

fhu. no? alfowlng the tool ?hat tSe nrlnt tor,ue 

marginally high. a tensile load on the shaft greater than 

allowed for the previously range of friction factors used in the cal- 

requirements were a result of *^'^® ® ® ensure the impeller, bearings and 

culations. The values used were necess y fixed through all operating 

slinger stackup carried es attached to the impeller to ascertain 

conditions. A process o us g develoned. The process was verified in a 

the compressive load on the cleaning after the completed assembly, 

tensile machine including removal and LOX to acceptable levels 

Analysis indicates ^^®. jrS^oceed. A major activity during assembly 
with thU method and el on 1;=ceee Ld running calibration teats 

was directed to developing th assembly. This was required to ensure 

of the strain gages to be '^sed in u^npiier stackup without overloading the 

proper preload could be applie ° f^agse^bly was completed with good results 

1?»th“«?fl?"gag??‘’S'??:- procedures Involved. The assembled turbopump is 
Shown in Fig. 47 and 48. 


inuwu 

^tter initial turbopump assembly, It was found by hell™ leah check that^the^sea s 
[n the balance piston recirculation Itnesuere leaking. 

:rom the turbopump and “ ° ^ leakage. The assembled turbopump was 

Liquid teflon on the seals ‘Itmlnated the^leakage. ^ 3 ,^ 

Installed in the LIMA test ce Tahoratorv A simplified schematic o. the 

af Kocketdyne's ^‘‘hta Susans Field habora y. 1 „ the LIMA test 

facility has been shown in Fig. zu. iuu uu » 
cell is shown in Fig. 49 and 50. 


Test Series No. 5» Apr il 19 81 


1 TTr:»vo fn vprifv the turbopump balance piston axial 
The purposes of the test plan suction performance of the turbo- 

thrust control capability and to ^^®^® The plan called for 

pump. The test plan called ® ®®^^ pressure gaseous hydrogen. Instrumentation 

driving the turbopump turbine ^ ^ detailed instrumentation list is 

ri?:r?:::rd"l„r:f1u";:.. Teqars^d para.erurs necessary. 
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TABLE 13. INSTRUMENTATION LIST 

(GASEOUS HYDROGEN TURBINE DRIVE) 
• (TEST SERIES 5) ' 









INTERMEDIATE SEAL PURGE 
ORIFICE D/S PRESSURE 



TABLE 13. (Concluded) 
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A set of redlines was determined and iused as a safety precaution, and required 
the turbopump and system to operate V;lthin specified ranges of speed, pressure, 
temperature and vibration levels. The redline parameters used for Series No. 5 
testing are given in Table lA. | 


Balance piston overboard flow was measured by an orifice differential pressure 
utilizing the same system as used foj: the balance piston and bearing coolant oyer- 
board flow on test series No. A. The bearing coolant flow was measured by utilizing 
the primary LOX seal flow discharge line and heat exchanger used in the previous 
test series. This arrangement is shown schematically in Fig. 52. Shaft speed 
and radial movement were measured as in previous tests. 


A total of six tests were conducted on the iiurbopump in April 1981 with a total 
operating time of 7A9 seconds. Of that time, 1A6 seconds was at 31A1 rad/s 
(30,000 rpm) and 35 seconds near 7228 rad/s (69,000 rpm). A summary the testing 
is given in Table 15. All other time was at speeds below 31A1 rad/s (30,000 tpm) 
or in transient operation. 


The first planned test was a head-flow test at 31A1 rad/s ^ tpm) • In test 
016-001, a turbopump start was made to idle mode at 52A rad/s (5,000 rpm). A 
that point a check was made on instrumentation before proceeding. Several problems 
with controller instrumentation caused the test to be terminated. The second pump 
start was test 002 where the pump was brought to idle mode, then up to 31A1 rad/s 
(30,000 rpm) for 27 seconds. At this point the flowrate and speed was adjusted 
manually to start a head-flow sweep. Upon switching to automatic speed contro 
set point, the rapid response of the system caused the speed to shoot up to a 
387A rad/s (37,000 rpm) redline and an automatic cutoff was initiated. This was 
caused by starting at a lower than normal flow and the pump power absorption was 
lower than programmed. 


The next test, 003, was a successful head-flow test at 31AI rad/s (30,000 rpm) of 
56 seconds duration and covered a flow range of 79 to 117.i of design flow. , 

this test the balance piston flow was routed overboard. The te*t OOA was targeted 
for a high-speed head-flow test at 7016 rad/s (67,000 rpm). lb-' speed was set at 
slightly under the design speed of 7330 rad/s (70,000 rpm) because the lower speed 
data indicated that at low flows the pump discharge pressure would exceed the 
pressure transducer limits of 3AA8 N/Cm 2 (5000 pslg), and the test would be auto- 
matically terminated by the redline limits. This high pressure would also over- 
drive the transducers and cause damage. The test speed on test 00 was roug i 
up to the 31A1 rad/s (30,000 rpm) operating point by the automatic control system 

which controls turbine drive pressure. At that speed it was found that the 

pickup on the turbopump had failed, and the test had to be terminated. P 

achieved was determined after the test by counting the frequency of the proximity 
probe signal changes which record one step per revolution. Also, during the test 
at speed! a segment of head-flow variatioi, data from 100 and 119% of nominal flow 

was obtained. The speed probe was replaced after it was verified it shorted out 

at low temperatures while it operated satisfactorily at ambient conditions. 
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TABLE 14t LO TURBOPUMP RKni.TNF«, AMBIENT HYDROGEN TURBINE DRIVE, 
2 TEST SERIES 5 


CUTOFF 

MONITOR 

REDLINE IDENTIFICATION 

REDLINE LIMIT 

AUTOMATIC 

LOX INLET TEMPERATURE 

180 R MAXIMUM 

AUTOMATIC/OBSERVcR 

LOX PUMP INLET PRESSURE 

92 PSIA MINIMUM 

AUTOMATIC 

TURBOPUMP SPEED 

77,000 RPM MAXIMUM 

OBSERVER 

PUMP BEARING OVBU FLOW 
TEMPERATURE 

AT = 25 R MAXIMUM AFTER 
STABILIZATION 

OBSERVER 

REAR BEARING DRAIN 
TEMPERATURE 

AT = 25 R MAXIMUM AFTER 
STABILIZATION 

OBSERVER 

BALANCE PISTON CAVITY 
PRESSURE 

SPECIFIC RANGE EACH TEST 

AUTOMATIC 

LOX PUMP DISCHARGE PRESSURE 

5000 PSIG MAXIMUM 

AUTOMATIC 

PRIMARY LOX SEAL DRAIN LINE 
PRESSURE 

30 PSIG MAXIMUM*** 

AUTOMATIC 

TURBINE SECONDARY SEAL 
DRAIN LINE PRESSURE 

30 PSIG MAXIMUM*** 

AUTOMATIC 

INTERMEDIATE SEAL PURGE 
(HELIUM) PRESSURE 

150 PSIG MINIMUM 

OBSERVER 

BENTLY TRANSDUCER RADIAL 

0.010 INCH MAXIMUM 
DEFLECTION 

OBSERVER 

BENTLY TRANSDUCER AX,’.U 

0.013 INCH MAXIMUM 
DEFLECTION 

AUTOMATIC 

TURBOPUMP RADIAL ACCEL- 
LEROMETFR*. ** 

15 6 RMS 

OBSERVER 

BALANCE PISTON SUMP 
PRESSURE 

SPECIFIC RANGE EACH TEST 

AUTOMATIC 

REAR BEARING SUPPLY 
PRESSURE 

3100 PSIG MINIMUM 

AUTOMATIC 

REAR BEARING DRAIN 
PRESSURE 

500 PSIG MAXIflUM 


* 2 KHz LOW PASS FILTER 

** VIBRATION SAFETY CUTOFF DEVICE 

*** CONDITION MUST EXIST FOR MORE THAN 2 SECONDS 
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Analysis of ths data at 3141 rad/s (30.000 I'lm) had Indicated the balance piston/ 

sump ptessares vere marginally too high. t£c w«o 

consisted of six lines exiting the turbopump ut the Uifiuser tianga- lucs 

manifolded together by 12.3 mm (0.50 then a flow 

12.5 »« (0.50 inch) Una then 7V “7"8'; “ iS une vhich dumped overboa.l 

control orlllce before exiting into i . ) ....Ht-rpam of the flow meaeurement 

*r;a::«drdSr.Snre“asTeasu^ 

;:rrTo resroS“;“hr?irr"ofoSinr^ir« set at <..15 - (o 242 

^ If / 33 Hf 4 r 4 ’. with hiah pressure losses downstream. This was an indication 

r” doM^sirL: in In "a^e^pt to reduce the balance piston snmp presenre 

for test 005, the downstream flow control orifice was removed from the 

The test 005 objective, was to operate at 7016 rad/a (67,000 tO”' to''3141^rad/a 

teatVlth the hilance piston flow overboard t<-«t ^bed was 

(30,000 rpm) when the signal of pressure dlfterentlal across the pump flow 

Llied. thus losing monitoring capability ot the pump flow rate. This 

test to be terminated. 

The. low speed data from test 005 Indicated that due to choking in the balance 

piston flow overboard drain resistance since choking 

sump pressure appreciably qqs data indicated the choking 

would still occur at some point in next step to 

point had moved to the flow measurement. .^J^'^^^ir^nlation to occur, as 

^rirarr" :srrs r::: p ;;r;r2'63rin'c,Vai.d now oomroi 

orifice WU 3 3 ct ut 7.62 wiiu (0.300 inch) • 

.y.cifnllv to a tarret speed of 7016 rad/s (67,000 rpm) with 
Test 006 was run succ.i.ssluliy t * * K mi'innilated to minimize sump pressure, 

the balance piston flow touted overhoau . ...d/d, (68 000 rpm) while a comp.lete 

The turbopump operated for 3.S .seconds \ I low flow point, 

head-flow sweep was made from ' \ *^'V/ m' (500^ and the test was ter- 

:Lr7bj^:::'::sinr':rr:;:d;rT;mj:iur;^ 

Ai ihc cuncinsion of ics, «;<;■ -r'“;;r:::;'r,: :::;d““.drci::dTrrg.ri;s 

in fhc ordor ot 14.12 N-cm (20 or- n ‘Tn- (aS'ro loS SiU.) InUlnlly 

11.0 high torgno 1“'"'’^“":;^% !';,,^' „, u.. 's.-vo,-al rovomtlons. Boronc.opc 
with the rotor essentially it t . ^ t .rMm' wheel tins clearly showed excessive 

nx«mln..blo., m.d ^ plmnllanoonnly ho..tl..g n«a 

rubbing. All eholee hvU to roraovo the. turbopump and dis- 

assemble rt'u/correet‘tho condition. Due to budget limitations, additional 
testiitg had to be terminated. 
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Turbine test efficiency is shown in Fig. 54. Turbine efficiency was determined 
using a delivered power equal to the pump i Laid power divided by the pump isen- 
tropic. efficiency. Turbine av/illable power was calculated from the turbine mea- 
sured flowrate and the turbine available energy determined using NBS Technical 
Note 617 for gaseous hydrogen properties. Turbine predicted efficiency and cali- 
bration tests efficiency chai'ac.teristlcs are shown in Fig. 54. For the 7121 rad/s 
(68,000 rpm) test points, the average efficiency was 59.0% at an average velocity 
ratio of 0.384. This compares well with the predicted efficiency of 61.5% at the 
same velocity ratio and is significantly higher than the performance indicated by 
the calibration tests of Ref. 1. The efficiency averaged 74% using the turbine 
temperature drop measurements. This Is higher than expected, probably due to the 
seal purge and rotor coolant hydrogen flows reducing the turbine outlet temperature. 
Tlie effect of these flows on turbine outlet temperature could be assessed if rear 
bearing supply flow were measured. Rear bearing coolant discharge flow is measured 
and the difference would be the flow into the turbine. 

Turbine flow parameter data are shown in Fig. 55. Turbine flow parameter relates 
inlet flow, pressure, temperature, and nozzle area to turbine pressure ratio and 
the speed parameter. FrevioUvS tests have showti the turbine flow parameter to bo 
relatively independent of turbine speed parameter for this partial admission tur- 
bine. The flow parameter equation in Fig. 55 is the standard nozzle flow equation. 
The test data at 7121 rad/s (68,000 rpm) show good agreement with the prediction 
being within 2.4% of the equation value. 

Rotor upstream and downstream hub static pressure measurements indicate 
a pressure rise across the rotor of from 3 to 5% of the turbine pressure drop. 

This trend has been indicated in provio\is tests and possibly is caused by the 
rotor blade pumping in the inactive arc with the nonsymmetrlcal rotor blades. In 
general, the performance of the turbine is as expected. 


.TURBINE EFFICIENCY 




TEST 6, 1981 


PUMP ISFNTROPIC POWER ^ 
»?TS “ TURBINE AVAILABLE POWtH 


PREDICTED 

(1/15/74) 


68K RPM 


CALIBRATION 

TESTS 


30K RPM 


PUMP FLUID PO WER 

PUMP ISENTROPIC POWER - puMP ISENTROPIC EFFICIENCY 


TURBINE available POWER - FLOWRATE X AVAILABLE 

energy 

- FT/SEC 


U,„ “ BLADE SPEED “ 229.2 


D,„ - 4.700 INCH 


N - SPEED - RPM 

0)^.5 - ISENTROPIC VELOCITY - 223.8 n'Sw - FT/SEC 
Aha ■ available ENERGY ■■ BTU/LB,„ 


*JnV^®T-S ISENTROPIC VELOCITY RATIO 


Fluuvo 54. Mark 48-0 Turbine Tost PoiformaiuM 







Figure 55, Mar 


Wn/rtT;’ 2, 

""•"Pti an 

AN =0.231 9 SQUARE INCH FOR TEST 



9 = 32.174 FT/SEC^ 

X- RATIO OF SPECIFIC HEATS 
PR - TURBINE PRESSURE RATIO 


P^, = TURBINE INLET TOTAL PRESSURE -PSIA 
T^, » TURBINE INLET TOTAL TEMP. R 
W = TURBINE FLOWRATE - LB/SEC 
A^ = TURBINE NOZZLE AREA - SO. IN. 

R = GAS CONSTANT -FT-LBf/LB^R 
Z = INLET COMPRESSIBILITY 

PS2* 


TURBINE OUTLET STATIC PRESSURE - PSIA 







Pump Hydrodynamic Performance 

Pump Head Rise. The pump head rise was derived from the same basic measurements 
as used in previous test series, namely the pump inlet and discharge duct static 
pressures and the measured flow* There had been no design changes in the y ro 
dynamic passages through the primary pumping elements since the previous test 
series in May 1978, thus the results from this previous series (Ref. 2) would be 
expected to be repeated in the current series. However, it should be point 
that the hardware being tested is new hardware that had not been previously 
tested. Also, the new hardware had experienced some machining discrepancies in 
the fabrication phase leading to thin sections of blades and shrouds on the 
impeller* The effect of these discrepancies on the blade angle distribution a 
the resultant impact on hydrodynamic performance was expected to be relative y 
minor, but this can only be verified via tests. 

Figure 6 presents the head-flow characteristics derived from J” 

1977 and 1978. The data from both series appear to define a single characterls 

tL and, using a least squares curve fit procedure, the equation sho^m on the 

curve was derived to represent these data. This characteristic provides a as 

for comparison of the recent data. Figure 56 shows the H-Q data from 

and 5 of the current test series and compares the data with the curve-fit charac 

terlstic. The data are scaled to 7330 rad/s (70,000 rpm) , but the tests were 

Ltually run at approximately 3141 rad/s (30,000 rpm)^ All three tests show 

consistLt trends, and the resulting H-Q characteristic is seen 

head than in the previous series. The head is approximate y. ® ^ 

from approximately 4.5% at the lowest flow tested to 10% at the highest. 

There is no obvious explanation for the higher head rise. The pumps are by design 
identical as far as the pumping elements are concerned. The 
balance piston could be different because of the changes made in the 
flow system. However, to make the data consistent with the previous H-Q data, the 
flow through the balance piston in the current build would have to be approximately 
1 26 X 10-5 m3/s (20 gpm) less at 7330 rad/s (70,000 rpm) than on the previous 
t;st "series whici represents approximately a 50% reduction, but the f-t is that 
the balance piston flow is actually higher on the current system as measured and 
S design! ?hus, this cannot explain the higher head. The only other Potential 

elpllTaliou is t^at the new Impeller has thri^^SllSf 

layout to produce the higher head. The effective blade angle at the impe 
discharge would have to be off by 0.07 radians (4 degrees) to account for this 

much head increase. 

The hesljn flowrate at 7330 rad/a (70.000 rp.) Is 1.46 x jSla 

test data cover a range of flow from approximately 80 to 120/. of design 

can be seen in Fig. 57, which shows the same head rise but as a function of . 

r“io of r/N dlelid b; the deslsn value. The same data are also Plot^d n 

Kg 58 as the dimenslLless parameter of head ooefftcient 

tlL coefficient (4.) where these coefficients have their normal deiinltion. 

Similar data analyses were performed for test 6 which included testing near 

7^(70 000) There were problems encountered with the transducers for 
tesS Tu^’Zft. iKe encounLred between the pre- and posttest calibrations. 
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Figure 57. Pump Head as a Function of Dimensionless Q/N (1981 Low-Speed Tests) 







The data were reduced usln^ l>t>th the precal ihrat ioti and post calibration signals, 
but neither resulted in consist out trends compared with lest 3, 4, and 5, It was 
finally established that the best general agreement of the data for the four tests 
was achieved using a calibration signal tliat was the average of the pre- and 
post calibration. The results were seal'd to 7130 rad/s (70,000 rpm) and are 
plotted in Fig. 59, There are several points of interest In these data. First, 
the data in the low flow region show reasonably good agreement with the data from 
tests 3, 4 and 5, as can be seen by comparing Fig. 59 *fhls agreement 

appears to hold up to a t low oi approximately 1,50 x 10 M /s (240 gpm) which is 
3% above the design flow. The data at higher flows show a continual decrease in 
head until at the highest flow the head is actually 20% below its sealed value 
from tests 3, 4, and 5. This churacterist ic Is typical of cavitation induced 
head loss, and these results are discussed turther in the section below entitled 
Suction Performance. 

A third point of interest in the data ot Fig. 5^ is the presence of three data 
points In the flow range of 1.45 to 1.52 x lO'^M^/s (225 to 236 gpm) that arc 
near or below the curve fit of the previous test series data. These three points 
were from the beginning of test 6 and wore obtained at a test speed near 3141 
rad/s (30,000 rpra) . Figure 59 had shown that data from this speed range actually 
scaled to a higher head rise, and these 3 points reflect some of the inacctiracy 
associated with the calibration problems tliat occurred on this test. These data 
would agree witii the results of tests 3, 4, and 5 if the flow were actually hlglier 
than the measured value. If the calibration problem has resulted in a flow error 
that is more prominent in the beginning ot tl»e test (when tlie 3141 rad/s (30,000 
rpm) data and liigh flow data were obtained) but Is essentially zero at the end ot 
the test, the apparent cavitation fall off could actually b? occurring at higher 
flows than the measured value sliown in the figure. However, there is no way to 
verify this other than retesting. 

Figure 60 and 61 present results for test 6 that compare with Fig. 57 and 58 for 
tests 3, 4 and 5. Tlie same observations made with regard to Fig. 59 would, ot 
course, also apply to these two figures. 

In cone lus ion, the head rise of the tested pump Is higher than the previous 
pump by about 6% as long as a noncavltatlng flow condition exists. Hi>wevei, 
the present pump appears to be more sensitive to cavitation. Tl»is will be Jis- 
cussed more fully below. 

Pump Effi ciency. Tlie efficiency of the pumj) can be determined In two ways: 

1. Using the measured pressure and temperature at the pump inlet and 
dlscliarges, the pump Isentropic etflclency can be calculated 

2. Using the calibration curve for the turbine etllclency and the turbine 
inlet available energy, the pump efficiency can be derived I rum the 
calculated input power and measured output power 


Of the two approaches, the first has generally been slu>wn to have less data scatter 
and to provivle a more reliable measuretm-nt . Both approaches were used to reduce 
the data from tlie current tests, and both results are presented below. 
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T FLOW COEFnClENT 




I'ho tsouti-opi*' oftl.'lom'v lor u«.«Uh aiul ^ ta slu>wn In 

4 show \Kood aRivouu'Ut . both wUl> o<n'h olhor .iiul wH\> iho U-U vaU/s (.»U.U00 «\)U>) 
data tvom llu* I97t5 tost sovlos. 

Tho otltolouoy lor tost S is oloorlv Kwor by aiM'i'oxin.ato ly S points out ol h'i. 
or SI lowor. Uoforo tost soiuo orM lov' slr.o ohanpos mado to tho balauoo 
piston How ovorboard dtimp Unos to pnt'posoiv roduoo tho sump ptvssuro and Inovoaso 
tho anlal thrust ranjto ol tho balan»'<' pistott. Tlu>so olumnos also oauso a sub- 
slant lat Inoroaso In tho tlowrato tl>rou.nh iho balauoo piston. Vtslnn tho ^moasurod 
ovorboard t'U>w and tlto moasorod t low tlu v.uy.lt Iho ptmtp boarlny t rom lost ... s, amt 

5 ttho boartnu I low moasnromonl was tu.t ov.rrool v'n tost 'll, tho ratio ot balanco 
piston How to pump vloHvorod How oan bo oalotilatod. Tho avorayo valuos lor 
thoso tosts aro shown In TabU' lb. 

T.Mlhh U). AVKKAiIl' l’ISTt‘N UAl.ANld''. I'l.vtW AS A I'KlltlliNI Ob 
TIIKtUUm KhttW N«‘.l'.l llAh/S 00,000 mil 


NO. Sl.U'.lS 


AVliRAUi; I low RATIO (T) 


Tbo rosults sltvtw that tho balauoo pistv.n How aotuallv luvuva.sod by o to . o 
tbo thrvmyhtlow lor tost S. Uooanso tbo balauoo plstvnt Hvav- Is a par.aslHo i\o\^ 
loss, sooit .an Inoroaso wwitd r. not It Hi an S to V)'l K'ss In oIHoUmu'v .and. tndvH'd, 
sn S'l; drv.p was oxporlonood. It slutnld alsv. bv> noUst that tho ttuaynllmlo o tho 
Hv>w ratio prv'sonlod tn Taht.- tuts laryo .as oompanul wlUt most rv.oUot ony no 
pnmps whtoh aro .vuntorallv muott laryor tn sir.o. Ono "> tho main “ ‘j' 

dttltv'ull to aoht.'vo Iho lilyhvu- ot Ho U'ttoios tvtr a small U.w-tU.w pump 
otv'.aranoos holwwat rv.tatlny soals oanuot yvatoraltv ho so.alod dvtwn propvu-t tonal 
tv. tlu' pvimp diamotor and ttto toaKayv> tU'ws hv'Ov'mo .a imiolt laryor povoonlaiio v» 

tho throtiyhl lv>w. 

Ptouro bl ptvsonts tho otHotouoy lor tho samo throo tosts uHny tho drtvo horso- 
powor irom tho tnrbtno hasod on tnrhlno vUHolonov t v-m o.a I Ihrallon tosts. tho 
olHotonov l.s sv'.'n t». bo hlybor tv>r tills appro.aoli tuit with imuo soattor aiul 
wttbout .a dtsHnot dmv'rvaioo botwoon tv'st S and tbo otlior two tosts. Ulits ts 
approaoh prosvuilv.d abovol. It ts bolt.'vod that tbo o.altbration ourvo tv.r tho 
tnrhlno Is aotnallv too low in olttoli'nov, h.ast'd on tlio lost data Irom Iho ouiiont 
lost sorlv's wliloh undnlv ponallaos Lho turblno and makos Uio pump Iv'ok wore 
olliolout Ukui It ciolualty 

M Ivvw snoovls. Iho tv.mpor uuro rlso t rom t tio pump lulol to tho pump oxlt Is vorv 
small, as shown In Kly. bA. Anv Inst rumont at I on orrv.rs tn tho tvanpovaturo moas- 
urvaiu'uts will oanso a larj.o orror tn t lio tsontroplv' hvirsopv.wor oalthratlon at Iviw 
snood. Anv lust rumont at tvm vurors at lil.v;li spood will oausv' loss orror In tho 
‘isontroplo horsopowor oalvuilal Ivui hooaviso ot tho lilyhor tomporatnro rlso at thoso 















During 1981 Low-Speed Tests 













Th..of„re, »o.o c„„f l.U.,... -n. .«■ .iacod 

s!, ::i.;;i £a 

(70,000 i-pm), anc. the eCtlcieiu’ es ‘ lower flows, and the 

this size pump. The peak etUcieui> ^s - jeslcn point efficiency had been 

efficiency at the design point is ov.u j^slgn flow. However, 

predicted at 70% with the peak ^ ‘ as 

previous tests hud shown ' ', suggest that at least one element 

observed for the current test seiKs. 11 k Oat gg diffuser, or volute) is 
of the pump (l.e., either the ^ the loss coeH^- 

underslzed so it matches ‘’^-tun ^ ‘ ^ . looses are predominant, making 

dents for those elements (Kd . 1) Uk , offlciencv. Also, the 

,t .,oro au8|K-« as the oaaa.- ol Hu- strassaa duo 

Jirtusoi- uas di'SlgiR'd tin, voUito. Tima. tlK lilada 

to tho liigl' voluco in-c,s«uiv8 “'■"■'”1 ^ ^ , Uouovor. more es(:»i«lve studios 

lilookago for the J*' : L a 'y tU o aotual oauso of the peak 
would have to be conducted to t«y to lucuii y 

efficiency occurring at a lower tlow. 

,a,e tomperaturo rise „.roo,.,„ Ike pumP 

1„ Pl„. 66. The lomperaturo ;‘;'"'’;';*‘;;J,t tW tsontroplo efflelenoy 

Speed providing much better data aciuta > . value. The falloff of 

based on test 6 is believed to be a much ^ phenomenon" as caused the head 

efficiency at the higher Hows s due h based on the 

falloff presented ‘‘W’vevlous tigmes. vesnlts are higher than 

turbine calibration is shown In ’ too high, exceeding 

for the Isentropie cl I leleney an , » ,,'ui believed to be a better value. 

84%. Thus, the isentropie otticxency is still bdlcvcu 

The bead and efficiency data can be used to generate t'- 

n.mm The results are shown in Fig. 68 lot tests J, anu a au 

tosi'e. This powor is doflnod as tho pump iPput horsupouo, 

h « All w/t5S0 m) 

r.:; 

flow based on the accuracy arguments presented above. 

„ . k'lo. One of the spoelal parameters measured during the 

Inducer Statjy I ressvire ^ ^ ... ,tlo nressnre. The measurement Is Intended 

test series Is the Indvieer disch.ugt ''I' normlt ident I f lent Ion of any 

to provide an evaluation ol ^n identifies the downstream pressure boundary 

Itrbv'rhpl^u.:!' eu'';\uhuHU aisuhavg.. ana 

n,« ‘an bo rouloa in votun. lo Ibis som.' dump luoallou.) 
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Temperature Rise 



























Durinc the 1977 and 1978 test series, this measurement was located Hush 

wall at the tip of the Inducer. Tims, it was intended to measure the tip stati . 

prossura at the iaducer din, ha, ,, 0 . Tho u.s. had ahown thla preaaura ta ba alga^ 

ficantlv lower than the predicted value (Kef., 2). It was polnte ou ^ 

that the low value could be due either to a faulty measurement of a hydrodynamic 

Seficiencyrand if the latter were the case, it could seriously affect the suction 

performance of the impeller. 

T .1 f nirrent test series the measurement location was moved to the area where 

ng/70"r ?;:?s 

frr"tiri!lmH,‘rd^si:rr'^^^ 

fluid between the measurement and the inducei tip will resu P 

ferentlal between these two locations. 

The inducer static pressure rise for tests 3, A, and 5 and for test 6 are shown 
V i>d -1 „nH r> resuectlvelv. In both cases the data have been scaled to 
7330 ?;d'/s “o.coi Tp» tlu-v o,„. b« compared to eaeb other. The prebbure rise 
ItiJed l™;-be «oi:bi.-ed dib,-b.rrge b.a.lc o?? g. 72. 

pibtot, flow on the big, opt, f„,„ tiip 1978 tebt soriob (Ref. 11 shows that 

Ftg. 71 or 72 with the tuiabure,.,-,, ‘ (..dleated 

tl\e current measuremt^nt is slgnit leant ^ ^ r^d/s 

g/'M^'IbirTbit'aild 9:Y3blM^^I;:7“*;,!\e;...,;ave,v.^^ d..bl8,. flow 

r-;',,”lvexl'cd”l!:Ts;'Bo’;,roiLlrr:»,''wMc^^^^ 

flow .ind 7330 rad/s (70.000 rpm) . Thus, the existence ol a pumping 8>adlent 
between the me,.sureraent location and the inducer tip is certainly indicated 
as would be expected. 

A....mi.,tt ihit ilie front wear ring flow has a tangential velocity that is 1/2 
the wheel speed and that this velocity relationship is f 

of tho wear ring, tl,e pressure gradient ‘-tween the 

.1 I,.. .. itfiil ited Using a LOX density of 1121 Kg/rn^ WU lu/it ; auu 

speed of 7330 rad/s (70,000 rpm), this pressure gradient would 
m.gnltude of 2.00 N/m2 (290 psi). Subtracting this value trom the 
U87 ,»sl) uwasured pressure rise of Klg. 72 gives a resultant ot 2.7A N/m 
W7 M th s u'tter value is closer to but higher than the previous oeasu ed 
^ V , ‘lb 1978 test Lries. If the fluid swirl iu this region were at only 
values ot tlu 1978 u. . pressure gradient would have a magnitude 

ro:;lvt:2 U^irL^the^nmu viatic pressure rise would 

I Tl\ K/m2 (SOI nsi) at design How which Is within approximal ely 4% vt the 

between a rotating and stationary disk. 
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Figure 70. Inducer Discharge Static Pressure Measurement 


Also, the test data during test 6 at high test speed show a minimum inducer 
static pressure rise at high flowrate of only 1,33 N/m^ (193 psi) (scaled to 
7330 rad/s (70,000 rpm) . Thus, the pumping gradient Is not likely to exceed 
this value unless a low density exists in this pocket. Thus, the current 
measurements Indicate that the static pressure rise approaches and could very 
well agree with the predicted pressure rise value, but the exact magnitude 
of the pressure cannot be determined with the available data. 


Anotlier interesting observation from test 17 is that the Inducer static pressure 
rise for test 5 is obviously lower tlian the data for tests 3 and A. However, 
it was previously pointed out that the balance piston flow was higher for test 
5 by some 1.26 x lO’^^^/s ( 20 gpm). Thus, the Inducer flow is higher by that 
magnitude, but Fig. 71 and 72 are plotted as a function of delivered flow 
rather than Inducer flow. If the test S data in Fig. 71 were moved horizontally 


to a flow that is 1.26 x 10"" Ws (20 gpm) higher they would show excellent 


agreement with the data for tests 3 and 4. 


The data at high test speed from Fig. 72 s!u>w the same significant decrease in 
pressure rise at approxlnuitely 3% above dt»slgn flow as was observed in both the 
overall pump head and efficiency. This Is extremely important because If the 
falloff is due to cavitation, as it appears to he. It is important to know if the 
cavitation problem originates in the Inducer or in the Impeller. The data of 
Ftg. 72 definitely show that sosk^thiug is occurring In the Inducer. 
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Indaccr Static Pressure Rise as a Function of Flow Scaled 
From 1981 Low-Speed Tests 














Slu'h a slgnit leant' drt>poi 1 eoulil ct'rlalnly trigger luiiu'Llor oavilatlou, but tlu? 
inducer Is at least oxpt'rlcncing Its own problem. This problem is discussed 
further in the following section. 


Suction Performance. It was inliMulcd li»r cavMtatliMi tests to be performed at 
selected flows during the current test series to quantilix.e the suction perlor- 
mai ICO o V r r the flow range. H owe ve r , t e s I 1 1 me 1 1 m 1 1 a 1 1 on s did n o t p e r m .1 1 t he s e 
tests to I'O performed. Nevertheless, the data t:rom the last tost at high speed 
have, shewn indications of head loss due. to cavitation. This effect has been 
noticed and referred to witli regard to Pig. , bO, (-1, (>5, 68, 69, and 72. 

U has boon pointed out that tlu' head lalhd'i Is occurring In both the inducer 
and overall pump. It Is of Interest to Investigate the cavitation related data 
and atteiupt to identify the specific cause ol the head fa I loll. 

The data from the overall pump and for the inducer pressure rise have been analysed 
to calculate the percent of head falloff as a function of flowrate. The results 
wore very Interesting and ari’ shown in Klg. 73. The figure contains four curves 
which are Identified as follows: 


1. Tho pcnvoiU lioad lalloll' of tho overall pump as a function of flow 
(curve 1) 

2. The percent: falloff of the static head rise of the fndvicer vs flow 
without any correction to the Inducer discharge statie pressure 
measurement (curve 2) 


3. 


The percent falloff of the static head of the Inducer vs flow using 
a correction of 1.28 N/m^ (186 psl) (corresponding to k » O.AO at 
7330 rad/s (70,000 rpm) ) to represent the pumping gradient between 
the htducer tip and the statie pressure measurement downstream of 
the inducer. 


4, luduccr suction specitic speed based on inducer Inlet pressure vs 
flow for the high speed test data portion ol test 6. 

The curves .show that the Inducer head starts to fall off at a lower flow than 
the overall pump. Secondly, asst.mlug that tho corrected curve 3 Is the most 
rcprc.seutat Ivc of the Inducer behavior, the Inducer static head has t alien by -.U 
by the time the pump head falloff Is \Z. (U should he pointed out that the 
Inducer static head falloff will occur at a faster rate than the luduoer total 
he.id falloll). Note also th.at at the highest flow, the Iti.lucer static head lall- 
ofl Is almost lOOX. Thus, It Is apparent that the inducer fallolf Is the first 
to occur, and It is probably tho primary cause of tho fallott ol tho pump head. 

hxamlulug the suction specific speed curve of Klg. 73 shows that 

head begins to fallolf at a suction specific speed of approxtmatelv IS, 000 lor 

a flow about VI, above design flow. At the design flow, the 

specitic speed was approxlmatt'ly 10S260 {rad/s(mVs) ^-/(d/Kg)-/ ) (10,000 

(rpmUgpm'l '/-/U t-lhl /Ihm) , and previous designs of large slae have been 

able to achieve tho higher sviction pertormaneo. 
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PUMP flow at design speed, gpm 








The Mark 48 inducer is smaller (1)^. « 1. h!> Itu) than previous designs and this 
could impact the suction perrormauoe because blockage due to fillets, boundary 
layers, etc. is u\uch more severe percentage-wise. However, it is believed that 
a exceeding 52,631 i (rad/s) (m^/s) '/-/(J/Kg)^'^H,15000 (rpm) (gpm)l/“/(ft-lbf / 

ibm)-^/^} suction specific speed is achievable in this siae range. 

There is one other potential oxplanutlou of the. head falloff. During test 6, a 
portion of the design flow was recirculated to the eye of the impeller. This flow 
has experienced some temperature increase in pas.slug through the pump, the balance 
piston, and the recirculation line, if this flow is vaporizing, creating a two- 
phase flow condition entering the eye of the Impeller, it could impact both the 
pressure reading and the Impeller cavitation characteristics. To attempt to 
verify one of these potential explanations as the cause of the problem, data 
from previous test scries on the Mark 48 pump were examined, specifically data 
from the test series In 1977 and 1978. The 1978 test scries never reached a 
suction specific speed as high as 52631 Urad/s) (m Vs) (d /Kg) (15000 (rpm) 
(gpm) l/2/(ft-lbf /Ihm) ^/^) , the maximum value being 47368 rad/s(mVs) V2/(j/Kg)3/4 
(13,500 (rpm) (gpm) -/tft-lbf /Ibm) at a flow below the design flow. Test 4 
of the 1977 series reached 54035 (rad/s) (m^/s) 1/^/ (j/ng) 3/4{ 154 OO (rpm) (gpm)^/^/ 
(ft-lbf/.l.bm)3/^} suction specific speed but at a flow below the design flow, and 
it showed no Indication of cavitation falloff. Test 5 of the 1977 test series 
was the one that experienced tiu' hOK fire, but It did operate according to the 
data at high suction specific speed values (between 70175 and 84210 (rad/s) 
(m^/s)^/^/(J/Kg)3/4 (20,000 and 24,000 (rpm) (gpm) ^ (f t-lbf/lbm) • These 
data did indicate that head falloff was occurring but not as dramatically as for 
the current data.* However, It is not clear what Impact the fire incident had 
on the recorded data. Thus, examination of previous test data does not clarify 
the cause of the head falloff. 


bal anc e Pisto n System Performance Ev a ^at ion 

1979, the analytical model of the balance piston 
predicted balance piston operation to have large margins for flows at or below 
design flow but a margin of only 17% of the force range (13% with the high pressure 
orifice opoit) at a high flow coefficient (20% above design). These analyses are 
given in Table 17. To provide additional safety margin, it was decided to perform 
initial tests in the current series with an overboard bleed to help keep the sump 
pressure for the balatu.e piston at a low value. The initial tests with the lower 
speed actually showed a much better axial thrust control \ising the measured pres- 
s\ircs lor tiuiu'ller discharge, balance piston, and balance piston sump than had been 
predicted. However, it was also noted that the impeller discharge and inlet static 
pressures were much higher than had been used in the axial thrust model. The 
previous vaUu\s usi'd in the atialytical model were based on pressure measurements 
from previous test series, but these measurements had been subject to error, 
particularly the impeller discharge pressure which read low due to leakage from the 
measuremetU transfer tube as it crossed flange Interfaces. 
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Using the pressures as measured in the eurreut test ett'ort in the analytical 
model resulted in excellent agi‘Oi»ment \v»lth the test data and a prediction 
of comfortable margins for axial thrust control at all flows at a speed of 
3141 rad/s (30,000 rpm) . 

During the initial tests in this series, there was evidence that the overboard 
drain line was choking causing a high back pressure for the balance piston 
sump. Modifications wore made to the overboard drain line to decrease the line 
resistance by enlarging the flow control orifice while retaining the flow 
measurement orifice. This was done lo ensure that tost 6 , which ran to higher 
speeds, was performed with the flow from the balance piston free to flow either 
overboard or recirculate into tlie eye the impeller, A schematic of this flow 
path is shown in Fig. 74. The measured parameters include the balance piston 
sump pressure, inducer discharge pressure, overboard flow (( 03 ), and hearing flow 
(fo 2 ). These data together with the analytical model of Ref. 2 are sufficient 
to calculate the resistance and flow through the recirculation line ( 0 ) 4 ) which 
also permits calibration of the balance piston flow 



Figure 74. Flow Schematic Representative of Test b 

The model does not include a separate flow path for both overboard flow and 
recirculation l low. Thoretore, the procedure used was as follows; 

1. Permit the overboard flow ( 103 ) and the bearing flow both exit 

throngli the hearing flowpatb by emplrieally deereasing the resistance 
in thi' analytical model until the ealeulatv’d flow agrees with the 
sum ol the test flows 


12U 





2. Adjust the resistance in the recirculation line until the correct 
balance piston sump pressure occurs simultaneously with the correct 
flow through the bearing 

Since there are two measured values being matched (sump pressure and plus 
and two resistances being adjusted, a unique solution can be obtained at each 
flow. This procedure was adopted for three data points from test 6, and an 
average resistance for the recirculation line was calculated. Table 18 shows the 
resulting values of the analytical model compared with the test data. 


Having empirically anchored the analytical model, and particularly the recircula- 
tion line resistance, the model can be analyzed eliminating the overboard dump to 
simulate the mode of operation with recirculation of all of flow except that going 
through the bearing. For this calculation the resistance of flow passing through 
the bearing and overboard was returned to its original design value because this 
resistance was verified to be accurate by the data. The results of this analysis 
are shown in Table 19, along with the predicted balance piston axial thrust results. 

Figure 75 to 77 show the axial thrust force curve for the three operating points 
of Tables 18 and 19. The figures each contain two curves; the solid curve repre- 
senting the mode of operation as used on Test 6, and the dashed curve showing 
the recirculation-only mode. The point where the axial thrust is balanced is 
shown on each curve, and both the table data and the curves show a very satis- 
factory operation of the balance piston over the full range of flow tested. 


In fact, there is no indication that the balance piston ever approached its 
limits of axial thrust range during the test, nor would it with a recirculation- 
only mode. Figure 78 shows the primary pressure parameters that reflect the 
behavior of the balance piston, and even during the portion of the test when 
large pressure falloff was experienced due to cavitation, the pressures all 
responded in a relative manner that indicates only a small shift in the balance 
piston. To verify this the balance piston parameter F was calculated where: 

r = (P - P )/(P - P ) 

^ BP-1 SUMP^'^ IMP SUMP^ 

where Pbp- 1 is the number 1 balance piston pressure, PgUMP i^ sump pressure, 
and Pimp is the impeller discharge static pressure. If F approaches zero, the 
high pressure orifice is approaching a closed position. Similarly, if F approaches 
a value of one, the low pressure orifice is approaching closed. The most desir- 
able value would be P approximately equal to 0.5. During test 6, including the 
cavltating part of the operation, P only varied from a value of 0,40 to 0.365 
from one extreme of flow to the other. This Is strong evidence that the balance 
piston was fully operational and able to handle all of the imposed loads with 
margin to spare throughout the test. Evaluation of the bearings after test 
indicated no large axial loads had occurred on the bearings during turbopump 
operation. 
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TABLE 18. TEST 006 BALANCE PISTON FLOW CALCULATIONS 
ENGLISH UNITS (S.I. UNITS) 


2 











O 











♦-H 











1— ^ 

,.1-^ 

..-*S 

X 




*1 

X 



< o o 


CO 

lO 




LU LU 

CM CM 

LO LO 

00 00 

^ LU LU 


o 

oo CO 




CD CD 

» • 

• • 

« * 

ZD O njOO 00 

r— o 

CO 




LU 

ct: Z 

CD CD 

o o 


O -J 


• • 

t » 



<D 

PS 

CO CO 



Oe: LU CO CD 

d d 

o o 

f— o 



Z 

Lu Qd 




1 _1 


— 









O w- 

UJ 







LU • 




a: 






o 

or, z 










Lu 

ZD LU 










cq; 

OO (X 




^ — , 






LU 

00 o 




CD CD 

.«■ — -» 

KO 




Q. 

LU 

*" X 



UJ Ul 

CO o 

CD 

CO 1— 




DC LU 

CM CM 

lO LO 

VO VO 

0000 00 

• CO 

• o 

• LO 



z 

O- CD ^ 

• • 

• • 

• • 

CNJ *3 


00 r-. 

CM O 



o 

l-H 

<• <• 

CO CO 


•3 CQ CD 


• 




h“ 

Z Lu 

CM CM 

CM CM 

CM CM 

-J ^ 

r— 

f— “ 

r— 



to 

CD ^ 

'x_-» 

»x«-* 

"x— ' 







»-H 

»— * DC 










CL 

z o 




LU ^ 











CD S: •* CD O 



^-«X 

u 


LU 





Z O 3 LU LU 

CO 

CD c'O 

LO 

< 


O 

' — ^ 




< H- O r— OO 00 

<* CM 

< CM 

o < 

M 

5S 

z 

^ CD O 




^ CO -J *3 

• o 

• O 

• 00 

>< 

O 

< 

3: LU LU 

VO 


VO vo 

< i-H LU 00 CD 

^ • 

^ . 

<• • 

< 

M 

u 

O OO OO 

CO r-x 

CM 00 

o 

00 O- -j 

CM 

CM 



H 

< 

1 

• CD 

• CD 

• 





•x__* 

Q 


00 

Lu OD CD 


<• . 

00 • 





Sz 

K 


—1 








3 

W 





x^ 

X . 






P-i 






LU 




3 

o 






Qi 




O 


2 





a. ^ <00 


- — X 

^ X 

u 

tb 

C 

) 




2: 00 »-• 5: 

r— O 

CO CD 

CO 00 


O LO 

t— ( 




ZD 00 OO <D 


CD CM 

r- CO 


8-» 

H 

- »*■ « 




CO LU Cl. ^ 

CD LO 

rv Lo 

^ CM 

S5 

W M 

< 

: « CD o 

^ X 

S 


CC Z 





O 

Cl 2: 



J z: LU LU 

VO 

r>x 00 

CD r- 

CL 




H 

o c 


) O 00 LO 

OD o> 

r— CO 

OO 





CO 


O — I 

• CM 

• ^ 

• 00 





M 


DC Lu 00 CD 

CM • 

<>o • 

CM • 





CU 

Z M 

U 

r— 


r— 

CJ CD 



.«•- — ^ 


o • 

CD ^ 


•x— ^ 


•f LU LU 


00 LO 

CM CO 

CU 

M CO 

LU 




C>000 OO 

oo Ln 

I— 

< CD 

u 

H ^ 

DC 




CM *3 ^ 


• rv 

* O 


< 






• 3 CQ CD 

^ • 

00 ' 

CM • 

< 

D CO 







U ^ 


r~“ 

r— 

iD 

C H 

CD 







X 

< 

u M 

2 

: •'CD CD 

o 

CD 

LO 





OQ 

0^ ;z; 

3 LU LU 

O CXD 

O CD 

r-x CD 






M p 

Q5 O to C>0 

LO VO 


CO CO 





n 

CD 

< —1 

• • 

• • 

• » 

O O CD 



.—X 

tu 

W W 

u 

J Lu CO CD 

r- O 

r- O 

o o 

Z 3 LU LU 

00 00 

1— LO 

O CM 

H 

Qi CO 

00 U SkEC 



*X--* 

I— I O CVJJO LO 

»— CM 

CO 

o r^ 

O 

M 


"X— ^ 





fv. 00 

fXx. pT) 

VO CM 

M 

D D 






u. 

< LU 00 CD 




q 

O O 






LU U 

d d 

d o 

d o 

w 



. 7 




00 ^ 




Qi 

H W 


LU ^ 








ELi 



or CM 

»- X 

^ X 







O 

O. ZD < S 

CD 

o r«K 

*— 






U 

S (>D O 

UD 1— 

<■ CD 

CO 

• CD CD 

X 

X, 


• 


ZD 00 to 

1— f— 


f— * 'x— * 

Q 3: LU LU 

00 CO 

CD 

LO 

CD 

H 

00 LU Q. Z 

• — ' 



00 o enoo oo 

CO CM 

< 

CM CM 

•H 

CO 


or. ^ 




> u *3 -V ^ 

m v£> 

O CO 

COCO 


P 


a. 




O LU OQ CD 

• « 

f • 

• • 

tu 

05 






u 

00 1— 

00 r- 

r- O 

U 

P 






•u 



'X.—* 

OQ 

H 










< 



LU 








H 



CC CM 

.« X 



LU ^ 






Q 

- z < z 

r- VO 

<■ 00 

vo in 

OC CVJ 


^ , 

4T X 



Z 00 I-I o 

CO in 

O CM 

< < 

CL r) < s: 

o 00 

o < 

o o 



Z5 00 00 ^ 

UO O 

CD VO 

vo ^ 

S 00 »-• CD 


LO CM 

CM CD 



00 LU Q. Z 

r— r— 



rj 00 o*) 

CD CO 

LO 

^CM 




q: •«— 




00 LU Q- z 







cx 




OC 











cu 



















o o 

o o 

o o 








Q 

VO VO 

r*x 

00 oo 

H- Z 







LU Z 

fXX* 

CXD CO 

^ < 

Z CD 







LU CX 

•» m 


» • 

LU >-• 3S 

.-“X 

O— H 

X, 




CX CX 

CD CD 


Ok 

CD 00 O 

CM CM 

LO LO 

CO CO 




00 

VO to 

VO VO 

to to 

or LU u 

CO CO 

CD CD 

o o 








LU O Lu 











CL 


















LU CD 




LU 







o »-* z 

CM 

VO 

00 

< o • 







05 00 

CXD 

CD 

o 

h- O 

CM 

CO 

LO 




LU LU (Zy 




< U Z 

00 






CX CD 




Q CO 






1— 






122 











ance Piston Performance Near Design Flow (During Test 6, 1981) 





Figure 77. Balance Piston Performance at High Flow (During Test 6, 1981) 












Dynamic Seals Performance 


Lab y rinth Seals# The condition of the labyrinth seals on the impeller front 
shroud and slinger indicated satisfactory operation with slight wear-in showing 
on the silver plated lands. Pressure measurements across the Impeller front 
wear ring were compared to deteimine the range of seal pressure drop. A cor- 
relation of test 6 data given in Table 20 show at speeds neat 7120 rad/s (68,000 
rpm) the pressure drop across the seal is as would be expected and the impeller 
front shroud labyrinth seal is operating satisfactorily. 

The labyrinth seal on the slinger consists of a two land stepped static component 
with three labyrinth grooves for each land on the rotating slinger. The static 
clearances are shown in Fig, A3. The data from test 6 (Tabic 20) indicates a 
large pressure drop across the seal. The pressure drop data accounts for the 
radial pressure gradient from the slinger seal to the slinger sump pressure 
measurement assuming a radial pressure gradient as measured and reported in Ref .2. 
These measured pressure gradients were found to have very low pumping effective- 
ness at high speed with a K slinger pumping coefficient K of 0.05 at 6912 rad/s 
(66,000 rpm) and a K of 0.17 at 3141 rad/s (30,000 rpm). 

As a result, the pressure drop across the labyrinth seal is very high which leaves 
a much lower pressure in the seal cavity. As a result it is possible that the 
slinger height could be reduced considerably. This would reduce the pumping 
losses of the rotating slinger. There is some heating associated with the slinger 
disc friction. The temperature measurements between bearing coolant flow, slinger 
sump temperature and balance piston flow temperature show a higher temperature 
by l.ll K (2 R) for the balance piston flow. The accuracy of the thermocouple 
readings Is well below what the isenthalpic temperature change and disc pumping 
would be, so a comparison cannot be made except to note that the temperature rise 
for the isenthalpic pressure drop across tlie labyrinth seal is 0.94 K (1.7 K) or 
very nearly the measured temperature difference. 

The flow rate was estimated through the bearings and slinger labyrinth by com- 
bining the overboard bearing flow with the measured primary LOX seal flow of test 
series 3 and 4, which runs very nearly a constant 0.077 Kg/s (0.170 Ib/e) at 
all speeds and cavity pressures measured. The net flow rate through the bearings 
is of the order of 2.2X of the pump flowrate. 

Floa ting Ki ng Seals. The performance of the floating ring seals has shown good 
consistency throughout tlu» several ti'st series. The seal packages consist of 
three seals, having three drains and one helium purge supply section. The 
helium purge supply pressure has been maittained on test series 4 and 5 at 
152 K/exa^ (220 psia) at all test conditions at near ambient supply temperatures 
of 300 to 311 K (540 to 560 R) . The primarv LOX seal drain temperatures in test 
series 5 arc considerably higher than on test eerles 6 (Table 21)- This would 
indicate relatively less cold LOX leakage with mare warm helium gas in the mixture 
probably caused by the reduced s Unger sump pressures. The secondary hot gas 
seal drain shows little change between the two test series. The primary hot gas 
seal drain gas temperatures are affected by the amount of chill on the turbine 
bearing package for each test but the pressure levels are only slightly higher 
as are the measured flowrates for 3141 rad/s (30,000 rpm). 


TABLE 20. TEST 016-006 LABYRINTH SEAL PERFORMANCE, 
S.l. UNITS (ENGLISH UNITS) 
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LABYRINTH 

PRESSURE 

DROP. 

N/Cm2** 

(PSD 

1R9 

(?38) 

616 

(892) 

603 

(874) 

364 

(529) 

616 

(893) 

725 

(1051) 

LABYRINTH 

BEARING 

FLOW, 

KG/SEC* 

(LB/SEC) 

0.288 

(0.634) 

0.390 

(0.854) 

0.413 

(0.911) 

0.349 

(0.770) 

0.359 

(0.792) 

0.400 

(0.883) 

SLINGER 

PRESSURE 

GRADIENT, 

N/CH2 

(PSD 

esj r»H to 04 to 04 to r— lO 04 to oo 

fO ^ r- 04 r- 04 »— (\J r— 04 p— CM 

* 

UJ 
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Dynamic Performance 

The dynamic data from tests 2 through h were processed and analyzed to determine ; 

what the dynamic characteristics of the turobpunip wei-e. The pump Instrumentation ; 

consisted of radial accelerometers located on the volute inlet and turbine hous- i 

ing flange, and a pump axial accelerometer located on the volute inlet face. Two 
radial proximeter transducers were located at the turbine bearing instrumentation 
cap to measure shaft position and one axial proximeter transducer at the end of 
the shaft. All these data were recorded on FM tape for future processing. The 
data processing was done at the analog facility in the Rocketdyne Engineering ; 

Development Laboratory. 

Maximum axial and radial acceleration levels measured for each of the four j 

3141 rad/s (30,000 rpm) tests were less than 1 g rms. All peak acceleration 

levels liefer red to are taken from Amplitude Mean Squared (AMS) traces filtered \ 

with a 0 to 2000 Hz low pass filter or a 200 to 2000 Hz band-pass filter. At 

the beginning of test 6 operation at 7121 rad/s (68,000 rpm), all of the i 

accelerometer measurements were overdriven on FH tape. Using the best data 

retrieval methods available, the. accelerometers show maximum amplitudes on the 

order of 7 G’s rms. These levels are roughly twice the maximuiu accelerations 

observed on a iy/8 test (series 4) that was also conducted at 7121 rad/s (68,000 

rpm) . 

Turbine end rubbing was Indicated on every test by 2X and 3X synchronous speed 
frequencies. After test 6, the rotor experienced high toi-que. No explanation 
for this increased interference was found In the data. It is assumed that the ? 

higlier speeds of test 6 aggravated the rubbing condition that had been noted ■ 

since the first test of the series. Test 6 ramp down rate was not significantly 
different below 3141 rad/s (30,000 rpm) than that seen on previous tests. 

Similarly, Its ramp down from 7121 rad/s (68,000 rpm) compares closely to the 
1978 test mentioned above. 

Spectrum data vl«oplots) from tests 2 and 3 show anomalous fi^equencies at 3.2X 
and 3.6X speed. These frequencies do not appear on any later tests. They could j 

be related to a ball spin frequency which is calculated to occur at 3. IX speed. 

Two other anomalous frequencies, one at 1500 Hz and tlie other ranging from 2700 
to 3100 Hz, appear in the data. During each test the frequencies remain constant. 
Independent of rotor speed, and on some isoplots they appear befoiv the test 
was begun. Conseiiuent ly , they are believed to be unrelated to rotating Irregul- 
arities and are most probably acoustic frequencies or noise. 

A final anomalous frequency was s('en on test 5. It Is suhsynebronous and because 
It appears most strongly on axial amplitude spectra, it is believed to be related 
to balance piston vibi*ation. 

Bently displacement data on all of the tests in this series were of dubious 
value. Time histories (States records) and isoplots were characteristically 
garbli'd with noise irequencies. In most Instances spot face amplitudes could not 
bo distinguished from rotor translational amplitudes. Peak displacement values 
were obtained by subtact ing amplitudes attributable to noise from nominal 
amplitudes. 


Radial aad axial displncaaiants for the 3Ul rod/s (30,000 rpm) tests wata on the 

^defoC 0.762 X lo4n (3.0 X lQ-‘ Inch) peak to l>f ^ 

seen at 7121 rad/s (68,000 rpiu) were on the order of 1.524 x 10 mm ( . 

inch) peak to peak. 

The conclusions reached for test series 5 dynamic analysis were that observed 
acceleration and displacement levels were consistently low. The operating 
speeds of 7121 rad/s (68,000 rpm) and, 314) rad/s ( 30,000 rpm) exceeded the 204 
safety envelope around the rotors observed critical speed of 5655 lad/s 
(54,000 rpm). 

Except for the Mark 48-0 turbine-end rubbing, none of the anomalies identifiecl 
irtSe lest data are deemed to be serious. Some 

into improving the readability of the Be.ntly traces. Perhaps a different spot tace 
or spotf ace-probe. configuration should be employed because of the extreme y 
small shaft diameter of the Mark 48-0. 

Me c hanical Performance 

The condition of the component parts on disassembly were generally in excellent 
The i.,.,„ccti:.u vcvcaled three areas vhera d.-mage to the turbopomp 
had been sustained during the testing. These areas were: 

1. Turbine tip rubbing 

2. Inducer tip rubbing 

3. Distress of the chrome plstlhg on the rotor sluft at the turbine seal 

An evalnatlon of the specific hardware, causes for the condition snd recommended 
solutions follow. 

Turbine Tip nubbins. It bus been previously stored that the high tor., no exhibited 
7™ ilShn.imThruT^ t..r.|«e checks Indicated the rotor torque to be 

903 to 1130 N/cni (80 to 100 In. -lb). Attempts to Iree the rotor by Luining only 
MiUibil In l u'cer torque values. A combination of blowing ambient GN2 tluougb 
duT iurblue wi»lle beating the turbine bousing provided no reduction of * 

;,'.')85 railns (As’dcgrces) hut with added r, nut Inn would seise. 
cheek was ma.le at one ap,.roximatelY 0.254 mm 

‘‘ilFri rh?ri!:i^ile «la'rtral;'l ,«n;l•wl™,^.^1^e1>nLn^e 

hiX rot ■ vorqno was caused by .he rubbing of tho ro.or tip and the Railing 
“‘’tin. CO per U.ting on the sea. d, , .motor ad)..e.n,._ to .ho »talor This Is 

..leirlv shown bv the eondltlon ol the eopper plating In I'lg. /y. 
also litows evidence of rubbing and some collection ol copper on tho blade tii s 

in l*’lg. 80. 
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l'iv,uro HU. M.iik ■'^H-U I'lirUiiw Tip Ruhl>iiin 




It will be necosaary to strip and rep late the copper boiore the support housing s 
useabl'i. No other damage is apparent. The rotor blade tips will require cleanup 
by hand to remove the copper accumulation. The blade tip itseli shows very litt e 
wear. 

The cause for the rubbing condition was Investigated and found to be duo to the 
close tip clearances used in the build and the operating changes involved. The 
drawing stackup showed the radial clearance at assembly to be 0.051 to 0.102 mm 
(0.002 to 0.004 inch) as is given in Fig. 81. The actual measured radia. cle.arance 
at assembly was 0.127 nun (0.005 in.). The clearance increases due to the ei loots 
of chilldowii if iiouslng and rotor temperatures remain tlie same temperature. When 
the turbine wheel speeds up, the wheel growth decreases tlie clearance and it the 
ambient OH9 gas drive warms the components further, the clearance decreases lurther. 
At this point, the rubbing is highly likely. If the system was driven with hot gas 
at 9'^2 K (1200 F) , the housing growth would provide more than adequate cleaiance. 

It is recoimnended that with 0112 the turbine tip clearance be increased to 

avoid the rubbing condition. 

Indncer Tip Unbbljt^ The disassembly revealed some slight nibbing 

biadV tTp with the inlet wall. The rubbing traces are shown '' ^8- The dm L 

surrounding the inducer tip is silver plated to a depth oi 0.254 mm (0.010 inch). 

The measurements of tho inlet duct indicate the depth oi the rubbing is of i\w 
order of 0.051 mm (0.002 inch) maximum over a circumferential arc or 1.57 i'>‘dlus 
(90 degrees). This alight rubbing has been reported on previous builds. Ihe 
radial tip clearance at assembly was measured at 0.174 mm (0.00b9 inch) with an 
Inducer tip runout of 0.0102 imn (0.0004 inch). It is rocommendod that no inducer 
tip radial clearances tighter than 0.203 mm (0.008 inch) bo tun. 

Shaft IMstvess at Turbine ^lal. Examination of the shaft-rotor on the sealing 
;VnMa;;'es~evmrrs ch7u-7cTerls'tTc carbon tracks on the turbine end seal ‘“'f 
LOX seal. The tracking of the primary LOX seal is shown af midspan on the shall in 
Fic. 83. This condition is normal and not considered a problem. The tuibine sea 
area which Is nearest the rotor wheel on the pump side of the shaft showed serious 
distress in the chrome plating. This is easily recognized in Fig. 83. The 
used hero uses two floating rings made of Ameermet . These ^ ave showni with the 

seal package In Fig. 84. The ring nearest the pump (left side in 1 Ig. 84) 1 .1 
Its press fit and came loose from tho retainer while the one nearest the rotoi d d 
and U Lwn with its retainer ring. U is hypothesized that as the Atneetnun^ 
oneruos at elose elearanees near tho chrome. ho.U is generated. This heal causts 
expansion of the Ameermet and yielding of the rotalnor ring until the '‘”1’ 

press fit is lost. At this point tho seal ring can wear on both the outsidi and 
inside di.nueter of the seal ring. The evldenee of high boat in the chrome has been 
verified bv hardness tests on tlie shaft both on and adjacent to the seal damageu 
ue i The tests reveal high Roekwel I C. hardness ad lacent to the distressed aiea 
bou'w »‘al' o!: ,1„. .1,0 l,avd„o»s ,:oa> la „ot 

completely .iccurate for thin chrome plating, it does reveal that temperatures as 
high as 1033 K (1400 F) may have developed in order to soften the chiome p a ng 

the distressed area. 
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Test data on hard chrome plating indicate that when chrome plating is subjected 
to temperatures above 672 K (750 F) the hardness is reduced considerably. 

Several small segments of the chrome plating are missing in the distressed area. 

The shaft does not reveal any permanent damage but the chrome will need to be 
stripped and replated before it can be acceptable for use. It is recommended 
that on subsequent builds the radial clearance on this seal ring be increased 
to avoid the problem. The condition seems to be caused by lack of film cooling 
existing across this seal segment since the one closest to the turbine wheel 
with more pressure drop across it seems to be undamaged with only slight rub 
markings. The problem could also be corrected on the testing with GH 2 turbine 
gas drive if the Amcermet seals were replaced with carbon seal rings. 

Bearing Analysis. The bearings were analyzed after disassembly of the turbopump. 
During disassembly, the bearings were damaged by the static axial overload required 
to separate the pump components. The bearings were examined after six starts 
during which they accumulated a total of 580 seconds operating time. The pump 
was run at 524 rad/s (5000 rpm) for 326 seconds, 3141 rad/s (30,000 rpm) for 166 
seconds and 7121 rad/s (68,000 rpm) for 35 seconds. The balance of the time was 
at transient speeds. The conclusions drawn from the bearing examination were: 

1. The bearings would have continued to operate 

2. The coolant for the turbine bearing set showed evidence of par- 
ticulate contamination 

3. All bearings were damaged by static axial overload during disassembly 

4. The turbine end bearings were subjected to synchronous radial load 

The ball surface was mostly roughened, accompanied with a dull band. Some balls 
show Brinnel marks and some have shallow spalls. One ball had a short crease. 

The general condition of the bearings was not bad enough to preclude continued 
service, although the deterioration was evident and the rate would be expected 
to accelerate. 

The high contact angle indicates that the inner race press fits may not be as 
tight as Intended. The press fit on these bearings at ambient condition was 
measured at 0.0229 to 0.0254 mm (0.0009 to 0.0010 inch) tight. 

The No. 3 hearing had experienced a radial synchronous load, as the inner race- 
way eccentric load path indicates. This could be due to a residual rotor 
imbalance of the turbine wheel. It is difficult to explain the lesser indica- 
tions of synchronous radial loading in the No. 4 bearing, which is adjacent to 
the No. 3. A hypothetical combination of: 

(1) Axial hang up of the No. 3 and 4 bearing cartridge, 

(2) A shaft motion toward the No. 4 bearing, or 

(3) A looser fit between the outer race of the No-. 4 bearing and the 
cartridge 
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could be responsible* Another contributing factor would be due to an anomaly in 
shaft alignment; any out-of -squareness of the shoulder where the rotor end is 
attached will magnify the runout at No. 3,4 bearing location. It was also noticed 
that about 20% of the No. 3 bearing OD was unsupported. Any combination of these 
factors might make the No. 4 bearing radially softer so that it experienced a 
lesser radial load. 

The No. 1 and 4 bearings have Brinnel marks high on the shoulders, but Nos. 2 and 3 
at the low angle shoulders. This will result during dismantling in which Nos. 1 
and 2 outer rings were pulled out with the cartridge, leaving the No. 2 inner ring 
still on the rotor. Similarly, the force required to pull the No. 4 bearing inner 
race was applied through the bearing, brinnelllng it. The No. 3 race was damaged 
as the balls were pulled over the low shoulder. 

A localized fretting on the OD of the No. 4 bearing suggests a fixed radial load 
or misalignment of the bearing mounting bore. 

It is recommended that the turbine bearing coolant system be reviewed for con- 
tamination and corrected. The shaft and bearing inner race fits should be reviewed 
to determine if they are too loose at operating conditions. 


SUMMARY OF RESULTS 


The objectives of the program have generally been completed with the conclusion of 
this test program. The specific objective of obtaining characterization of the 
primary LOX seal leakage flows and baseline pump performance data was achieved. 

The results indicate that the head-flow performance was as predicted at design 
flow for test series 4. In the subsequent test series (5) • using newly fabricated 
component parts, the head rise averages 6% higher than meaoured on test series 4. 
No satisfactory explanation has been found for this difference except the newly 
fabricated impellers had some dimensional discrepancies of thin blades and shrouds 
which could contribute to the condition. 


:ating suction performance capability of 84210 
(rpm) (gpm)'^'^/(ft"lbf /lbm)3/^] was demonstrated 


On test series 4, test 9. a noncavitat: 

(rad/s) (m3/s)l/2/(J/Kg)5/^ (24,000 

at a flow of .105% of design flow at a test speed of approximately 6964 rad/s 
(66,500 rpm). It was predicted at that time that the suction performance capability 
of the Dump could be as high as 112,280 (rad/s) (ra3/s)^/2/(j/Kg)3/4 [32,000 (rpm) 
(gpm)^/^/(f t-lbf /lbra)3/4] , During test 8 of test series 5 with the newly fabrica- 
ted components a cavitating suction specific speed of only 52,631 (rad/s) (m^/s)^'^/ 
(J/Kg)3/^ [15,000 (rpm) (gpm)/(ft-lbf/lbra)3/^] was obtained at a flow rate of 103% 
of nominal and a speed of 7225 rad/s (69,000 rpm). A potential explanation of the 
poor suction performance exhibited is that recirculation of the balance piston flow 
back to the impeller eye may be the cause but examination of the limited data avail- 
able does not clarify the cause. The efficiency of the pump was found to be. the 
same as found in previous testing- The peak efficiency is 68% with the efficiency 
at the design flow at 67%. The originally predicted peak efficiency for this 
pump design was 70%. 


The data from tests on the balance piston were correlated v;ith the balance piston 
computer model to account for overboard balance piston flow. The results indicate 
the rotor operates in a range of 39.2 to 44.8% of the net force range of the balance 
piston over a respective flow range of 82 to 108% of nominal flow at near design 
speed [7121 rad/s (68,000 rpm)]. The balance piston exhibits a force range of 
50262, 44925 and 39142 Newtons (11,300, 10,100 and 8800 lbs) force at flows of 
82, 96 and 108% of design. This force range and piston position exhibits. a very 
comfortable operating margin and therefore can be expected to perform reliably 
over the complete operating spectrum required. 

The test program was curtailed due to high rotor torque at the conclusion of 
test 6. The high torque was traced to the rubbing of the turbine tip and the 
galling of the copper plating used as the tip sealing surface over the shroudless 
turbine blades. The cause was traced to reduced clearance during operation of the 
turhopump with an ambient drive gas such as gaseous hydrogen at 306 K (550 R) in 
place of the LOX/LH 2 combustion products operating at 1041 K (1874 R) inlet tem- 
perature. The result is a radial tip clearance increase of 0.356 ram (0.014 inch) 
when operating with hot drive gases. It is recommended that the tip clearance 
at the turbine be increased to avoid rubbing when using ambient gaseous hydrogen 
as the drive fluid. 


In general the mechanical performance of the turbopump was satisfactory with 
exception of the first test build where a failure resulting in fire damage occurred. 
The problem was traced to the balance piston range and axial thrust control capa- 
bility which was indicated to be marginal. The results of the last test program, 
when correlated with computer modeling to account for the internal recirculation 
of balance piston flow, indicate very adequate axial thrust margin capability for 
the turbopump. 
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APPENDIX A 


NASK 48-OXIDlZER TURBOPUHP ASSEMBLIES 


BS009820E - Original Configuration 
Test Series No. 4 

9R0012300 - Turbopump Incorporating 

Spiral Groove Liftoff Seal 

9R0014079 - Test Configuration 
Test Series No. 5 
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